J Intell Robot Syst (2008) 51:65-88
DOI 10.1007/s10846-007-9181-6

A Class of OFT Controllers for Torque-Saturated
Robot Manipulators: Lyapunov Stability
and Experimental Evaluation

Javier Moreno-Valenzuela - Victor Santibaiiez -
Ricardo Campa

Received: 12 March 2007 / Accepted: 26 August 2007 /
Published online: 29 September 2007
© Springer Science + Business Media B.V. 2007

Abstract The trajectory tracking of robot manipulators is addressed in this paper.
Two important practical situations are considered: the fact that robot actuators
have limited power, and that only position measurements are carried out. Let us
notice that a few solutions for the torque-bounded OFT (output feedback tracking)
control has been proposed. In this paper we contribute to this subject by presenting
a class of OFT controllers for torque-constrained robots. The theory of singularly
perturbed systems is crucial in the analysis of the closed-loop system trajectories. As
a second contribution of this paper, we present a detailed experimental study of six
control schemes, which were tested in a two degrees-of-freedom direct-drive robot,
confirming the advantages of the proposed methodology.

Keywords Tracking control - Unmeasurable joint velocity - Robot manipulator -
Lyapunov theory - Direct-drive robot

1 Introduction

Physical systems are subject to power limitations. For actuator-driven mechanisms,

such as robots, this fact shows up in the form of joint saturation constraints, which
may degrade the efficiency of the entire system. Therefore, when designing control
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strategies for such mechanisms, it is important to take into account those actuator
limits. Some recent books (e.g., [8-10]) and papers deal with this topic.

With respect to robot manipulators, most of the controllers that take into account
the problem of bounded torque inputs have been targeted at the full-state feedback
set-point control problem. For example, in Zergeroglu et al. [29], two model-based
control schemes to solve the set-point control problem of n-link robotic manipulators
with amplitude-limited control inputs were proposed. In Meza et al. [16], a novel
passivity-based saturated nonlinear configuration of a PID regulator was introduced.
The work by Zavala-Rio and Santibafiez [26, 27], dealt with extensions of the PD-
with-gravity-compensation control law assuring joint position regulation in robots
constrained to bounded torques. Another approach was proposed in Dixon [7],
where an amplitude-limited torque input controller for revolute robot manipulators
with uncertainty in the kinematic and dynamic models was introduced. The cited
references show that in order to study the regulation problem of robots subject
to input saturation, a complex stability analysis is necessary. The analysis becomes
much more complicated in the case of OFT (output feedback tracking) control of
manipulators subject to constrained torques. Let us notice that to overcome the
situation of noisy velocity and acceleration measurements, an OFT controller (which
estimates those signals from position measurements) can be used to guarantee the
motion control.

From a literature review, it seems that no much effort has been focused in studying
the more general problem of OFT control of manipulators subject to constrained
torques. The paper by Lee and Khalil [13] presents an adaptive OFT tracking
controller for which local ultimately boundedness of the error signal is shown. The
boundedness of the control signals in [13] is assured by limiting the control law with
a saturation function and assuming that error signals are always inside a region
were the produced torque is limited. Another result was proposed by Loria and
Nijmeijer [15], where it is shown how the semiglobal and exponential stabilization
of the closed-loop system is achieved by using large enough observer gains, while
bounded controls are guaranteed. In the papers by Dixon et al. [4, 5], a controller
is proposed to solve the OFT control with bounded torques, which yielded semi-
global stability in closed-loop. More recently, Santibafiez and Kelly [23] presented a
torque-bounded controller by assuming that viscous friction is present at the robot
joints, then the global asymptotic stability is assured if large enough viscous friction
damping is present.

It is noteworthy that other results on OFT control of manipulators have been
proposed more recently, including robust versions, [1, 6, 17, 28], but none of these
addressed the case of actuator limited power.

In this paper, a general methodology to design torque-bounded OFT controllers
is introduced. We have invoked the theory of singularly perturbed systems [12] and
the concept of the energy Lyapunov function [22, 25], to show that the proposed
OFT controllers produce exponentially stable closed-loop systems. More specifically,
our methodology is based on decomposing the closed-loop system into a slow and
fast dynamics, and then the exponential stability of each dynamics is shown, which
guarantees at the same time that the solution of the overall closed-loop dynamics
vanishes exponentially.

Considering that OFT controllers can be more efficient than full-state feedback
tracking controllers, specially if noisy velocity measurements are present, and taking
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into account the philosophy of including saturation functions in an OFT control
design, another contribution of this paper is an experimental comparison between
OFT controllers that do not have saturation functions in its structure and controllers
that do have saturation functions. The experiments were carried out in a two degrees-
of-freedom direct-drive robot, which is important from the control point of view,
because the dynamics the dynamics in this type of robots is highly nonlinear.

This paper is organized as follows. In Section 2 the robot dynamics and the control
goal are discussed. Section 3 deals with the proposed class of OFT controllers and
the closed-loop system analysis by using the stability theory of singularly perturbed
systems. In Section 4, some design examples are provided. Section 5 is devoted to the
experimental results, showing a comparison among several OFT controllers. Finally,
some concluding remarks are given in Section 6.

Notation Throughout this paper the following notation will be adopted. ||x|| =
~/xTx stands for the norm of vector x € IR". AninlA(x)} and Amax{A(x)} denote
the minimum and maximum eigenvalues of a symmetric positive definite matrix

A(x) € IR forall x € IR", respectively. || B(x)|| = v/Amax{B(x)T B(x)} stands for the
induced norm of a matrix B(x) € IR"*" for all x € IR".

2 Robot Dynamics and Control Goal

The dynamics in joint space of a serial-chain n-link robot manipulator considering
the presence of friction at the robot joints can be written as [2, 11, 18, 24],

M@)g+Cq, ¢)q+gl@+F.qg=r (1)

where M(q) is the n x n symmetric positive definite inertia matrix, C(q, ¢)q is the n xn
vector of centripetal and Coriolis torques, g(g) is the n x 1 vector of gravitational
torques, F, = diag{ f,1, ..., fun} is the n x n positive definite diagonal matrix which
contains the viscous friction coefficients of the robot joints, and 7 is the n x 1 vector
of applied torque inputs

The following properties are satisfied for the dynamic model 1 - see e.g. [2,
11, 18, 24]: For robots with revolute joints, the vector of gravitational torques is
bounded, i.e.,

kg = sup lig(q)]l. )
VgelR?

For all ¢q,q,x,y,z € IR", the inertia and Coriolis matrix (using Christoffel
symbols) satisfy

C(x, )z =C(x, 2)y, (3)
Clx,y+2) =Cx, y)+ C(x, 2), 4)
Iax{ M@ Ix)1? = xT M(@)x > Amin{ M(q)}I|x1%, 5
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M(q) = C(q,¢) +C(q. 9", (6)
1 .
IC(q, I < kelgll, ke > 0. 8)

Let 7 denote the torque space, defined as

T:{reIR":—riMaX<ri<riMax, i=1,...,n}, 9)

with T > 0 the maximum torque input for the ith joint. Assume that only robot

joint displacements q(¢) € IR" are available for measurement and that the robot
torque input is constrained to be at the torque space 9. Then, the OFT control prob-
lem is to design a control input t(¢f) € 7 for all # > 0, so that the joint displacements
q(t) eIR" converge asymptotically to the desired joint displacements g4(¢) € IR", i.e.,

tlim q =0, (10)
where

q(0) =qa() —q( (11)

denotes the tracking error. Throughout this paper we consider that g,(f) is two times
differentiable and

gl < lgallu, ¥ =0, (12)
1GaON < NGallu, ¥ 1 =0, (13)

where ||¢4|lp > 0 and ||G4]l p > 0 denote known constants.

3 A Class of OFT Controllers

We propose a class of OFT controllers which produces bounded torques:
T = M@§a+ C(q. qa)da +8(@) + Fuda + Kpsat(@ + Kgsat(®),  (14)

where K, and K, are n x n positive definite diagonal matrices, the tracking error g
is defined in Eq. 11, and the signal ¢ is obtained from

e = —bysat(d), (15)

1%

qge + by, (16)
with by > 0 and

sat(x) = [sat(x;) --- sat(x,)]T, Vx e R™
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Figure 1 shows a block diagram of the implementation of the class of controllers
14. The properties on the function sat(x;) are given as follows:

P1
sat(x;)) = 0 & x; =0,sat(x;))x; >0, Vx; € IR,
[sat(x;)| < b, Vx; € R = |sat(x)|| < +/nb, Vx € R",
xTsat(x) > kyollsat(x)||>, ¥V x € R” (17)
and k,o > 0 small enough.
P2 The function sat(x) € IR" is continuously differentiable for all x € IR”, and
d sat
Max{ = (X)} <B, VxelR"
0x
P3 For all x € B,, where
B,={xeR": x| <r}, (18)
r > 0 arbitrarily large, there always exists k,; > O sufficiently large such that
kullsat(o)[] = [|x]].
P4 For all x € B,, where B, is defined in Eq. 18, there always exists k,, > 0
sufficiently large and k,3 > 0 small enough such that
kallsatl = Y- [ sateads, = kalsat P (19)
i=1 Y0
da
M(q) ———
a

&@79,,,,T» Kp sat ()
|
|
|
|
|
|
|
Y

v

C(q.qq) ———

Farst order 5 ~
filter ******* ~ Kdsat (’(9)

Fig. 1 Block diagram of the proposed class of OFT controllers for torque manipulators
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PS5 The gradient of the saturation function is strictly positive in the sense

dsat(x;)

e 0, Vx;€[-n,n] CIR, (20)

where n >0 and i = 1,...,n. The meaning of the inequality 20 is that the
saturation function sat(x;), x; € [—n, n], is a strictly increasing function. Notice
that there are some saturation functions that satisfy the condition 20 in a global
fashion, e.g., sat(x;) = tanh(x;), which satisfies

d tanh(x;)
8)6,'

The properties P1-P5 are mainly motivated by the analysis of the closed-loop sys-
tem stability, as it will be seen later. An important observation is that the controller
proposed in [15] (hereafter called Loria-Nijmeijer controller) is a particular case of
the class of controllers 14, 15 and 16 using sat(x;) = tanh(x;).

The boundedness of the produced torque is assured with the assumption

=sech’(x;) > 0, Vx; € IR.

max {[|Mi(q)II}Gallm + max {[ICi(q. ga)lI}Igallm + max {gi(q)}
V gelR YV q.q4€R V geR

+ fvi|édi|M +kdlb +kpib < ‘EiMaxv l: 1’ cee ’nv (21)

where b is involved in condition P1, M;(g) is the ith row of the inertia matrix M(q),
Ci(q, gq) is the ith row of the matrix C(q, qa4), gi(q) the ith element of the vector g(q),
and |qq;i(t)| < |qailm for allz > 0.

Substituting the controller 14 into the robot dynamics 1, using Eqs. 15 and 16 and
the robot model properties 3 and 4 we obtain the closed-loop system

q

d [ff } _ 1 (22)
dr gl | =M@ ~'[C + Calg + F.q + Kasat(®) + K,sat(@)] |
d - S
eaﬁ = —sat(d) + ¢, (23)

where C = C(q, ¢), Cq4 = C(q. 44), and
€ =1/by.

Note that for large numerical values of by the constant € becomes small. The state
space origin [§7 7 9717 = 0 € IR¥ is the unique equilibrium point of the system 22
and 23, which has the form of a singularly perturbed system [12].

Roughly speaking, a singularly perturbed system can be decoupled in two subsys-
tems: a slow dynamics subsystem and a fast dynamics subsystem. The exponential
stability of each subsystem implies that the overall system is exponentially stable.
This claim has been stated formally in Theorem 9.3 of [12], which, for the sake of
completeness, is reproduced below. The notation B, denotes the set given by the ball
{xe R": |Ix|| <r}.

Theorem 1 Consider the singularly perturbed system

x= f(t,x,z,€), x € R" (24)

ez =gt x,z,¢€), ze R, (25)
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and € > 0. Assume that the following assumptions are satisfied for all
(t, x, €) €0, 00) x B, x [0, €]

£, 0,0,¢) =0and g(t,0,0,¢) = 0.
e The equation

0=g(t x,2z0)

has an isolated root 7 = h(t, x) such that h(t,0) = 0.

e The functions f, g, and h and their partial derivatives up to order 2 are bounded
forz —h(t,x) € B,,.

e The origin of the reduced system

X = f(, x, h(t, x),0) (26)

is exponentially stable.
e The origin of the boundary-layer system

d
& et x, v+ hit, ), 0), 27)
do

o =t/e, y =z — h(t, x), is exponentially stable, uniformly in (t, x).
Then, there exists €* > 0 such that for all € < €*, the origin of Eqgs. 24 and 25 is
exponentially stable.
Proof See [12], pag. 380. m]

It is noteworthy that the subsystem 27 can be rewritten as

dz
P = g(t, x,z,0), (28)

which has equilibrium at z* = A(t, x). Then, exponential convergence of the limit

lim z(o) = z* = h(t, x)

g—>00

implies that y(o) — 0 as 0 — oo with exponential convergence rate also.
Now we are ready to introduce our results on the exponential stability of the
closed-loop system 22 and 22.

Proposition 1 Assume that conditions PI1-P5 are fulfilled and K, is chosen so as to
satisfy

Amin{ KaYkuo + Amin{ Fo k2o — kellgall Mk, > 0 (29)

with constants ko and k,, defined in properties P1 and P3, respectively. Then, there
always exists €* > 0 such that for all €* > € > 0, the state space origin of system 22 and
23 is locally exponentially stable.
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Proof The exponential stability of the singularly perturbed system 22 and 23 is
shown by invoking the Theorem 1. First, note that when € = 0 in Egs. 22 and 23,
the dimension of the state equation reduces from 3n to 2n because the differential
equation 23 degenerates into the equation

0= —sat(®) + g. (30)

The property P1 in Eq. 17 establishes that [sat(x;)| < b. Thus, it is possible to
restrict the stability analysis to some region of the state space where

Gl <b, <b,i=1,....n,

where b, is number that guarantees that Eq. 30 truly holds. Substituting Eq. 30 into
Eq. 22 we obtain the reduced system — slow dynamics — given by

_ q

ai [G] T | - M@ 1C+ Cald + Fug + Kaf + K,sat@] |

which is a time-varying system and the state space origin [§7 §7]17 =0 € IR™ is its
only equilibrium point. The exponential stability of the reduced model 31 can be
shown through the following Lyapunov function

1

V(t,4.§) = 5

. . " gi .
GTM@G+ S ks fo Sat(@)ddi + oG M@sat@  (32)

i=1

where « is a small enough positive constant. By using the robot model property 5 and
the right-hand side of property P4 in Eq. 19, it can be shown that under the condition

0<a<af,

with small enough o}, the function V (¢, g, §) is positive definite for all [§7 G717 € ,,

Q = ”Z] e R™ : I[g" ¢"1"| < r}, (33)

with r > 0 the constant involved in the property P4.
The time derivative of V (¢, g, g) is given by
V(t.4.9) = 3" Cad — 4" F.q — §" Kasat(@) — asat(@)" Cag — asat@ " Fug

dsat(q) -
g
q

—asat(§)" Kqsat(§) — asat(§)" K psat(q) + asat(@ C"q + ag" M(q)

where the robot model properties 6 and 7 were used. By using properties P1-P3, the
robot model property 8, and the inequality

1g1l < 1G 1+ I dallar-
llgall m defined in Eq. 12, we can write a upper bound on Vv, q, 51) as follows

||sat<c7>||T [Ilsat(é)ll]

V(t, G, q) < — B :
4.9 = [usat(q)n Isat(@)]

(34)
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where Q is a symmetric matrix with elements
O = akmin{Kp}a

1 .
Q12 = _Ea [ZkC”qd”M kul + )LMax{Kd} + )LMax{Fv}kulkuO] s

1 .
O = —5¢ [2kclIGalla kur + Avtax{ Ka} + Avax{ FoYkurkuo ] »

02 = Amin{Katkiy + Amin{ Fo Yk — kcllqallm k2
—a[\/ﬁbkckil + ,Bkil)\Max{M(q)}]

Inequality 34 is satisfied for all [§” zL]T]T € Q, in Eq. 33.
By Sylvester’s theorem, the matrix Q in Eq. 34 is positive definite if condition 29
is satisfied and

0<a<aj,

with o small enough. The positive definiteness of Q implies that V(t, q, 51) is negative
definite for all [§7 f]T]T € Q,. Summarizing, for all [g" G"1" € Q, we can always find
a constant 0 < o < min{a, o3} such that V (¢, g, ) is positive definite and V(t, q.q)
is negative definite, implying the local asymptotic stability of the state space origin of
the reduced system 31.

In addition, by using the left-hand side of property P4 in Eq. 19, we can claim that
for ¢y > 0 large enough, the Lyapunov function V(t, g, é) given in Eq. 32 attains the
following upper bound

2

: (35)

Vit.3.8) < co H[Ilsat(é)ll}

lIsat(@) |l

for all [ cL[T]T € Q,. Therefore, exponentially stability comes from using inequali-
ties 34 and 35 by writing

y 3 Amin ~ X
V(tv qv Q) f _ciiQ}V(tv q’ C]),

which holds for all [§7 §'17 € .
On the other hand, the boundary layer model is

d5_ —sat(d) + § (36)
do

where o = t/e and 51 is interpreted as a constant. Let us define the function
. 1 i
W) = E[Sat(l?i) —qil,
whose derivative with respect to the scaled time o = t/¢ is given by

4wy = - as";f") [sat(3;) — Gil’. (37)

do

L
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Then, for a region | < 7, in virtue of the property P5, we can define the constant

k= min { asat~(19i) } )

av;

whereby Eq. 37 can be upper bounded as

—Eww&>s—BV@a
do

which by the comparison lemma [12] implies that
[sat(?(0)) = ¢1 — 0

with exponential convergence rate as the scaled time o = /¢ increases.

We have proven that the reduced model 31 and the boundary layer system 36 are
locally exponentially stables. Then, by Theorem 1 in [12], there exists €* such that
€* > € > (0 guarantees local exponential stability of the closed-loop system 22 and 23
for some region of attraction. O

Let us notice that by following the proof of Theorem 9.3 it can be shown that for
€* > € > 0 the set

Ri= e R™: < min{b,,n} },

D rQe
Q2

with b, < b, the constant b defined in Eq. 17, and n > 0 related to property P5 in Eq.
20, is a region of attraction in which the exponential stability of the system 22 and 23
is guaranteed.

4 Some Design Examples

4.1 Design 1

Consider the saturation function
Xi

,/8,‘4-)6[2

where §; > 0. The controller generated with this saturation function is given by

sat(x;) = (38)

i

V/8ai + 07

T = M(@)ga+ C(q. §a)ga + 8(q@) + Fvga + Kacol

qi

+Kycol | ————1¢, (39)
1/ Spi + qlz
where col {x;} = [x; --- x,]7 € IR”, and the subindex p or d of the parameter §; in

Eq. 38 denotes the relation to the proportional or derivative part of the controller.
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The conditions P1-P5 are verified as follows:

e P1 We can select b = 1 and ko = 1 to verify that equations related to property
P1 are satisfied.

e P2 This condition is related to the upper bound of the gradient of the saturation
function 38, i.e.,

X; x?

1
= L + <1/J/8, Vxi e R.

d
a9y ) 213/2
0 [ 42 iR fs g

Then, we can select 8 = max;{1/+/5;}.
e P3 For the region |x;| < r, the inequality

|x;]
,/5,‘ +xl2

is attained using k,; > +/8; + 12, so that k,,; = max;{k,;}.
e P4 This property can be explicitly written as

x2 5 x2
1 1
kuZiiai T > /6 +x2 — /8 > ku3i78i e

which should be satisfied for the region |x;| < r, which is accomplished with

_ L + V8 +r* — /3
r? ’

[xi] < ki

ki >
and
. [5i+”2][v5i+r2—«/§i] Vi
kusi < hr% 5 =5
r— r

which is obtained by using the L’Hopital’s rule. Then, k,,, = max;{k,;;} and k,;3 =
min; {Ky3;}.
e PS5 The gradient of the saturation function 38 is given by

0 sat(x;) i + !
— Xi) = — > .
dx; 8 + X712 Js 4 32
By solving the inequality
x? 1

— d + >0
B+ P2 o

1

we found that the condition PS5 is satisfied for all x; € IR.
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4.2 Design 2

A second design is provided through the saturation function

Xi
sat(x;) = 8; + In(cosh(x;)) v

where §; > 0. Then, the generated controller is given by

W
T=M Ga+ C(q,qGq)qq + +FU' + Kycol{ —mM8M8 ————
(@Dda @, 9a)qq + g(q@) qd d {8,1,- —|—ln(cosh(15‘,-))}

qi
+ Kpcol { 8pi + In(cosh(gy)) } ’ (41)
where, like in the new controller 39, we have used the notation col{x;} =
[x; --- x,]7 € IR", and the subindex p or d of the parameter §; in Eq. 40 denotes
the relation to the proportional or derivative part of the controller.
Similarly to the previous subsection, the conditions P1-P5 are first verified for the
scalar case 40, and then extended to the vector case:

e P1 The saturation function 40 satisfies this condition. Namely, for any §;, we
can find a proper constant b so that [sat(x;)| < b, for all x; € IR. Besides, the
condition

x? x2
L = kuOi L P
8; + In(cosh(x;)) [6; + In(cosh(x;))]

is satisfied for all x; € IR using k,o; < &;; thus ko = min;{k,0;}
e P2 In this condition we have that

ad X; _ x; tanh(x;)
0x; &; + In(cosh(x;)) T8+ In(cosh(x;))]?
1

— < 1/§;, Vx; € R.
T S FInGoshiry) = /0 Y
Therefore, 8 = max;{1/5;}.
e P3 In a similar form to the case of the saturation function 38, for the region
|x;| < r,the inequality

x|

il < kwi————————
|xl| = Kuli 5; +ln(cosh(xi))

is attained using k,;; > §; + In(cosh(r)). Hence k,,; = max;{k,;}.
e P4 This property consists in satisfying

x? x?

ki ncoshG P = 70 2 ke G CoshGan

. (X Xi
W%th f&x) =1y stmcesey
with

dx;, for the region |x;| <r. This is is accomplished

) 2
ks > [6; + In(cosh(r))] 0.

2
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and

_ [8; + In(cosh(r)]?
k3 < lim —f( ) =
r—0 r
which is obtained by using the L’H6pital’s rule. Then, k,, = max;{k,;} and k3 =
min;{Ky3;}.
e PS5 This consists in that
dsat(x;) x; tanh(x;) 1 0
= — >
0x; [ + In(cosh(x;))]*> 8 + In(cosh(x;))

for all x; € [—n, n]. Solving this inequality, we obtain
§ + In(cosh(x;)) > x;tanh(x;),

which clearly holds for all x; € [—n, nn]. Then, the saturation function 40 satisfies
the condition P5.

5 Experimental Results

A direct-drive arm with two vertical rigid links — see Fig. 2 —is available at the Control
Laboratory of the Instituto Tecnolégico de La Laguna, which was designed and built
at the Robotics Laboratory of CICESE Research Center. High-torque, brushless
direct-drive motors operating in torque mode are used to drive the joints without
gear reduction.

A motion control board based on a TMS320C31 32-bit floating-point microproces-
sor from Texas Instruments is used to execute the control algorithm. The control
program is written in C programming language executed in the control board at
h = 2.5 [ms] sampling period. The maximum torque limits are T™*=150 [Nm] and

tMa=15 [Nm] for motor 1 and 2, respectively.

Fig. 2 Experimental robot
arm
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Table 1 Parameters of the

manipulator Notation Value Unit
Link 1 length I 0.45 m
Link 2 length I 0.45 m
Link 1 center of gravity le1 0.091 m
Link 2 center of gravity I 0.048 m
Link 1 mass my 23.90 kg
Link 2 mass my 3.88 kg
Link 1 inertia I 1.27 kg m?
Link 2 inertia I 0.09 kg m?
Gravity acceleration g 9.8 m/s?

With reference to the symbols listed in Table 1, we present below the entries of
the robot dynamics [20, 21]:
The elements M;j(q) (i, j = 1, 2) of the inertia matrix M(q) are
Mi1(q) = mil}) +my (I} + B, + 21112 cos(q)) + I + D,
Mix(q) = my (132 + Ll cos(q)) + I,
M (q) = my (132 + Ll cos(q2)) + I,
My (q) = myl, + L.
The elements Cji(q,q) (i, j=1,2) from the centrifugal and Coriolis matrix
C(Q7 ‘?) are
Ci(g, @) = —malile sin(g2)qa,
Cia(q, ¢) = —malilea sin(qa) (G1 + ¢2)
C21(q, 9) = malil sin(g2)q,
Cx(q.9) = 0.

The entries of the gravitational torque vector g(q) are given by

81(q) = (miley +moly)g sin(qy) + malag sin(g) + q2),
82(q) = malag sin(q; + q2).

The coefficients of the viscous friction are
F, = diag{2.288, 0.175} [N m s].

Experiments showed that static and Coulomb friction at the motor joints are
present and they depend in a complex manner on the joint position and velocity.
We have decided to consider them as disturbances for the closed-loop system.
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5.1 Desired Position Trajectory and Performance Criterion

The desired position trajectory g,(¢) used in all experiments is given by

45[1 — e 2971 4 10[1 — e~2"] sin(7.507)

1) = 3
qa() |:60[1 — e 1871 4 125[1 — e8] sin(1.75¢)

:| [degrees] (42)
With regard to the desired joint position 42, it is easy to show that its components
satisfy [[ga( 1 < lgallx and [Ga(O)|l < lGally for all 7 = 0.

An important characteristic of the position trajectory g,(¢) in Eq. 42 is that the
desired velocity ¢,(f) and acceleration §,(f) are nulls in ¢ = 0, then the closed-loop
system trajectories will not present rude transients if the robot starts at rest. It is
noteworthy that the execution of the proposed trajectory q,(f) in Eq. 42 demanded
a 75% of the torque capabilities, which was estimated through numerical simulation
and verified with the experiments.

The time evolution of the position error g reflects how well the control system
performance is. The performance criterion considered in this paper was the root
mean square — RMS — value of the velocity error computed on a trip of time 7,

that is,
. |
RMS[g] = ?/ IG(o)||>do [degrees/s]. (43)
0

In practice, the discrete implementation of the criterion 43 leads to

. 1< .
RMS[g] = | =) gk h [degrees/s]
k=0

where i = 2.5 [ms] is the sampling period and 7' = 10 [s].
5.2 Tested Controllers

We have tested six controllers with the aim of evaluating the performance of
the proposed class of OFT tracking controllers. Three of the tested controllers
do not contain saturation functions, while the others do it. The main goal of the
experimental evaluation was to assess the tracking performance of controllers that
do not have saturation functions,

e PD+[19],
e Loria and Ortega [14], and
e Lee and Khalil [13],

with respect to those that have saturation functions,

e Loria and Nijmeijer [15],
e New Design in Eq. 39, and
e New Design in Eq. 41.

Let us first describe the results concerning controllers without saturation func-
tions. The first controller tested was the PD+ control [19], which is written as

T = M(@)ia+ C(q. 9)qa + @) + Fuog + Kug + K. (44)
@ Springer
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where ¢ = q4 — q denotes the tracking error and the joint velocity measurements ¢
are approached via simple numerical differentiation, i.e.,

qi(hk) — q;(h[k — 1])
h

Gi(hk) = (45)
where £ is the sampling period and k is the discrete time. It is well known that the
approach 45 is very common in many robot control platforms to obtain an estimation
of the velocity measurements. The controller was tested using the following propor-
tional and derivative control gains

K, = diag{3500, 1000} [1/s%], (46)
K, = diag{45, 15} [1/s],

Let us notice that the gains 46 were obtained by trial and error until obtaining
a reasonable performance in the tracking of the desired joint position g,(?), i.e.,
a relatively small enough bound of the maximum values of g,(t) and G,(f). The
Fig. 3 shows the time evolution of tracking errors ¢;(f), g»(t), and applied torques
T1(0), 12 ().

[degrees]
§ '
[degrees]

;

N
N

0 5 10 0 5 10
Y T2
100t 10
5
'\.50' ~
g g
<, 20
-5
_50
-10
0 5 10 0 5 10
Time [sec] Time [sec]

Fig. 3 PD+ controller : Tracking errors g (f), g2(t), and applied torques 7 (¢), 12 (¢)
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Fig. 4 Loria and Ortega controller: Tracking errors g (¢), G2(f), and applied torques ; (¢), 72(¢)

Further improvement could have been obtained in the tracking performance, but
paying the price of a noisy control action which would excite other dynamics such as
vibrating modes of the mechanical structure.

Since all the controllers have a proportional-derivative structure, we have used
the same numerical value of the gains in Eq. 46, while the gain of the filter used in
each controller was selected until a reasonable performance was obtained, as we will
explain later.

The other two control schemes that do not contain saturation functions corre-
spond to the OFT controllers by Loria and Ortega [14] and Lee and Khalil [13]. The
Loria and Ortega controller [14] is written as

T = M(@)da+ C(q. 4a)da + 8q) + Fog + K9 + K 4. (47)

where ¢ € IR" is obtained with the linear filter
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Fig. 5 Lee and Khalil controller: Tracking errors g (¢), G2(), and applied torques ; (¢), 72(f)

The controller 47 was implemented in our system with the control gains 46 and

by = 600.0 [1/s].

(48)

The Lee and Khalil controller [13] in its non adaptive version can be written as

T = M(qa — x1)Ga + C(qa — X1, Gr)qa + &(qa — X1) + Fylga — x2] + Kyxz + Kpxy,

(49)

where ¢, = g4 — x, + g and the second order high-gain observer

. Ly __
X =x2+ ?[q —x1],

(50)

. Ly .. _ ..
Xy = ?22[‘7 —x1]1+ §a + M(qa — x1) "' [C(qa — x1, Gr)qa

+8(q — x1) + Fylga — x2] — 7).

(51)

The gains used for the implementation of this controller were K, and K, in

Eq. 46, A = 1[1/s],

L, = diag(5.0,40.0} [1/s], L, = diag{50, 400.0} [1/s%],
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Fig. 6 Loria and Nijmeijer controller: Tracking errors g (¢), g2(t), and applied torques 7| (¢), 12(¢)

and € = 0.1 [dimensionless]. We tried several sets of gains for the observer 50 and 51
until obtaining a good response in the tracking error. However, it was pretty difficult
to find numerical values for which instability was avoided. As pointed out in [3],
the real-time implementation of the controller/observer 49-51 may make estimations
of the position and velocity errors inaccurate to the point of not being useful and
instable, which was confirmed in the experimental set up.

The obtained experimental results are given in Fig. 4, for the Loria and Ortega
controller, and in Fig. 5, for the Lee and Khalil scheme.

On other hand, concerning OFT controllers that contain saturation functions in
its structure, the first controller tested was the Loria and Nijmeijer approach [15]
written as

T = M@da+ C(q: q)qa + 8(@) + Fog + Katanh(®) + Kptanh(@),  (52)
used along with the saturated filter

& = —bytanh(9), (53)

9 = x+brq. (54)
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Fig. 7 New Design 1: Tracking errors g (¢), g2(t), and applied torques 7 (¢), 72(f)

Note that Loria and Nijmeijer approach (Eqs. 52-54) is a particular case of the
class of controllers 14-16 using sat(x;) = tanh(x;). Once again, in order to keep a fair
comparison with respect to the three previous controllers that do not use saturation
functions, we used the numerical values of K, and K, in Eq. 46 and by in Eq. 48. The
result of the experiment is depicted in Fig. 6.

Besides, we implemented the controller denoted as New Design 1, in Eq. 39,
which is derived from the proposed class of controller 14-16. Similarly, we chose
the numerical values of K, and K, as in Eq. 46, and by as in Eq. 48. Parameters §;
corresponding to the saturation function 38 were

8p1 =0.3, 8,0 =0.75, 641 = 1.0, 642 = 1.0.

Figure 7 shows the results of the experiment.
Finally, the controller New Design 2, in Eq. 41, was tested under the same
conditions that the New Design 1, while the parameters §; used in this case were

dp1 =0.55, 8,2 = 1.0, 851 = 1.0, 640 = 1.0.

The results are illustrated in Fig. 8.
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Fig. 8 New Design 2: Tracking errors g (¢), g2(t), and applied torques 7 (¢), 12(f)

5.3 Discussions

All the tested controllers assure theoretically that the position error g (f) must vanish
as time increases. In practice, Figs. 3-8 reveal an steady state oscillatory behavior.
This is due to several factors such as uncompensated Coulomb friction and discrete
controller implementation.

Table 2 summarizes the information about the tracking performance of the six
schemes, remarking the difference between controllers that do not use saturation
functions an controllers that do use them. In addition, Fig. 9 shows a bar chart of
the RMS[g] value computed for the six tested controllers. With respect to controllers
without saturation function we can see that the performance of the PD+ controller
44 and the Loria and Ortega algorithm (Eq. 47) is very similar, while the worst
performance of the six controllers was obtained with Lee and Khalil controller 49. On
the other hand, concerning the experimental results using controllers with saturation
function, we can see that the performance of the Loria and Nijmeijer scheme 52 is
very similar to the one of the controllers PD+ (Eq. 44) and Loria and Ortega (Eq. 47).
The reason is that in the situation of a very small tracking error ¢ the structure of
the three controllers is very similar. In addition, the best performance of the six
controllers was obtained with the New Design 1 and New Design 2 in Egs. 39 and 41,
respectively, because they presented the lowest values of max({|g;(¢)|}, max{|g.(?)|}
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Table 2 Performance of the controllers: PD+, Loria and Ortega (LO), Lee and Khalil (LK), Loria
and Nijmeijer (LN), New Design 1, and New Design 2

Controllers without Controllers with

saturation functions saturation functions

PD+ LO LK LN New 1 New 2
max{|q; ()|} [deg] 0.78 0.75 1.62 0.79 0.59 0.61
max{|g2(1)|} [deg] 0.34 0.34 2.76 0.34 0.36 0.39
RMS[g] [deg] 0.418 0.417 1.134 0.419 0.284 0.299

and RMSJg]. This is also appreciated in the Fig. 9, which depicts the bar chart of the
RMS[q] value.

The comparison reveals that all the controllers work efficiently since the tracking
errors are relatively close to the performance of the PD+ controller 44, although the
proposed controllers 39 and 41, which incorporate saturation functions, present the
lowest tracking error g(¢) than other OFT controllers, including the PD+ control 44.
The explanation of this is that the new controllers 39 and 41 incorporate the extra
parameters §;, 84;, whose numerical value has effect in increasing the slope of the
profile of the saturation function in the proximity of the origin. Different numerical
values of §; lead to a similar behavior with respect to the PD+ (Eq. 44), Loria and
Ortega (Eq. 47), and Loria and Nijmeijer (Eq. 52) schemes.

6 Concluding Remarks

In this paper the OFT (output feedback tracking) control of robot manipulators
subject to constrained torques was studied. In particular, a class of controllers was
proposed whose exponential stability proof was based on the theory of singularly
perturbed system, which has been recognized as a powerful tool in robot dynamics
and control. An extensive experimental study in a two degrees-of-freedom direct-

Fig. 9 Bar chart of the 1.4
RM S[q] value computed for

the six tested controllers
1.2r Lee and Khalil 1

-
T
L

[degrees]
[S)
=

S
o))
T
L

PD+ Loria and Ortega Loria and Nijmeijer

. New Design2
I I New Design 1

o
N
T

IS
o

L
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drive robot was presented, where it was shown that torque-saturated OFT controllers
present better tracking performance that the non-saturated counterpart. To the best
of the authors’ knowledge, the six OFT controllers discussed in the experimental
results have been tested in an real-time robot control system for the first time. The
results obtained in practice suggest that the application of torque-saturated OFT
controllers in industrial robots is reliable.
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60230 and 52174, and SIP-IPN.
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