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Set-Point Control of Elastic Joint Robots Using only Position
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Motivated by the dynamic output feedback passification results, point-to-point control laws

for an elastic joint robot are presented when only the position measurements are available. The
proposed method makes a parallel connection of the robot system and an input-dimensional
linear system which obtains the effect of the desired differentiators. It is shown that the closed-
loop nonlinear robot system can be rendered output strictly passive and the regulation of the

system is achieved in the end. Robustness analysis is also given with regard to uncertainties on

the robot parameters. Performance of the proposed control law is illustrated in the simulation

studies of a manipulator with three revolute elastic joints.
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1. Introduction

Since passive systems theory gained renewed
attention (see (Byrnes ef al., 1991) and references
therein), passivity properties have been playing
a vital role in designing various controllers for
nonlinear systems and other applications (see e.g.
(Lin, 1995 ; Fradkov and Hill, 1998 ; Jiang and
Hill, 1998 ; Sepulchre er al., 1997 ; Ortega et al.,
1998) ). Many of the results are based on the fact
that the Euler-Lagrange system e.g. a robot
manipulator defines a passive operator from the
control input to the generalized velocity vector
(Ortega et al., 1998). The passivity-based con-
troller design results in a simple proportional-
derivative (PD) law (Takegaki and Arimoto,
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1981) and, similar to that used for rigid robots,
the control law suffices to globally stabilize the
elastic joint robots about a reference position
(Tomei, 1991b).

However, the velocity measurements are not
always available for the feedback law, hence,
several authors have considered the set-point
control problem without the velocity measure-
ments. The need of measuring the rotor speed
has been removed by using a suitable linear filter
(e.g. (Berghuis and Nijmeijer, 1993 ; Kelly et al.,
1994)) or by observer-based controllers (e.g.
(Ailon and Ortega, 1993 ; Nicosia and Tomei,
1994)). (Refer to those papers and references
therein for the motivations of this practically
important line of research.)

On the other hand, in the dynamic passifica-
tion results (Son et a/., 1999 ; Son et al., 2000),
it is shown that the effect of differentiators can
be obtained by a parallel connection with an
additional dynamic system (see also (Bar-Kana,
1987) ). Motivated by the results, instead of using
the velocity measurements, we consider a parallel
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connection with an additional dynamic system to
solve the set-point control problem of an elastic
joint robot.

We first provide a sufficient condition with
which a Lyapunov candidate function is proper
and positive definite and, consequently, a PD
control law achieves global asymptotic stability
(GAS) of the robot system. Next, the additional
system is constructed such that the zero dynamics
(ZD) of the augmented robot system become the
closed~loop system with the PD law in (Tomei,
1991b). Our result provides another alternative
way of replacing the role of velocity measure-
ments in (Tomei, 1991b) and is essentially differ-
ent from the previous results (Berghuis and
Nijmeijer, 1993 ; Ailon and Ortega. 1993 ; Kelly
et al., 1994 ; Nicosia and Tomei, 1994).

We will consider two cases in designing the
control law. In the first case, when only the rotor
position is available, the GAS of the closed-loop
system is guaranteed. The property of output
strict passivity (OSP)
Moreover, robustness with respect to uncertainties

can be also obtained.

on some of the robot parameters is achieved as
in the PD controller (Tomei, 1991b). The perfor-
mances of the control law are studied for a three
link manipulator with three rigid bodies inter-
connected by three revolute elastic joints. In the
second case, when the link position is also avail-
able, the properties in the first case are obtained
by a smooth (linear) control law.

The idea of using a parallel feedforward con-
nection has been also considered in a practical
adaptive controller design i.e., simple adaptive
control law (SAC) (Bar-Kana, 1987). For rigid
robots, an adaptive control law is provided in
(Bar-Kana and Guez, 1990; Kaufman er al.,
1998). Though a non-adaptive stabilizing gain
K. is provided in (Kaufman et al., 1998), it
contains the velocity vector and the fixed gain is
not useful when the velocity measurements are not
available. Main differences from the results are
summarized below :

(i) An elastic robot is considered with simulation
studies.

(ii) A Lyapunov function is explicitly given under
the physical energy consideration (Tomei,

1991b ; Ortega et al., 1998).

(i) The additional dynamic system (V) is not a
direct inverse of the transfer function of the
PD controller.

(iv) Only two of the states (not whole states) are
transformed into new states in normal form.

(v) The output y as well as the augmented output
y is used for control laws.

(vi) Any modification to alleviate the steady state
error is not required.

The paper is organized as follows. In Section 2,
definitions of passivity and basic results for the
PD control of elastic joint robots are presented. A
new sufficient condition under which the PD law
achieves GAS is also provided. Section 3 presents
dynamic output feedback controllers without
velocity measurements. Robustness analysis of the
proposed control law is carried out in Section 4.
Simulation results are presented in Section 5.
Some conclusions are given in Section 6.

Notations : [, is an nX# identity matrix.
When x is a vector, x; represents its i -th element
and | x | means sqrt va'x. An(K) (or Aw(K))
stands for the minimum (or maximum) eigenvalue
of a matrix K, and || K | means its largest singular
value.

2. Preliminaries

2.1 Passive and feedback passive systems
Consider the following nonlinear system

x=f(x)+g(x)u. x€ER", u€R™
y=h(x), yvER"

where x is the state ; « is the control input; y is
the output and the vector fields f, g and / are
smooth with f(0) =0 and %(0) = 0.

(P) :{ (1)

Definition I. (Hill and Moylan, 1977) The sys-
tem (1) is said to be output strictly passive (OSP)
it there exist a p>0 and a real constant 8 such
that, V20, the following dissipation inequality
holds :

/Otuf(r)y(r)dr+,82p/0‘tyr(r)y(r)dr (2)

More basically, if o=0 in (2), the system is said
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to be passive.

Systems that can be rendered passive by a
feedback will be called feedback passive systems.
Moreover, the procedure is called passification.
Byrnes et al. (1991) showed that, under some
mild assumptions, the given system is globally
feedback equivalent to a C*-passive system with a
positive definite storage function if and only if the
system has relative degree one and is globally
weakly minimum phase.

If (1) has relative degree one, under some
conditions, it can be represented as the normal
form

{z=qo(ﬁz) +aqi(z, ¥)y, ZER"™ (3)
y=blz, v)+talz y)u. yeR"

where a(z, y) =Lgh{x) is nonsingular for all
XER"™ The zero dynamics (ZD) of (3) is
described by

i=q(2), zER™"™. (4)

The system (1) is minimum phase if the equilib-
rium 2=0 of its ZD subsystem (4) is asymptotic-
ally stable.

In this paper, we consider a parallel connection
of (1) and the following additional system (see
Fig. 1) to get the effect of the differentiators

7=k(n) tu, n€R™, uER"
V=7

(v>:{ (s)

The function () is used to make some modifi-
cation of the output y. Note also that the system
(5) has the same dimension with the input
of (1). In this case, (5) is called input-dimen-
sional system.

In the next section, with a properly designed
system (5). new control laws are provided which
suffice to globally stabilize the elastic joint robots

Yn

)

(P) v(-) <O,
y v(y) ]

Fig. 1 Parallel connection

about a reference position. This scheme is an
alternative way of replacing the PD controller
when the velocity measurements are not availa-
ble. For the complete proof of our approach, we
briefly introduce the PD law in (Tomei, 1991b).

2.2 Tomei’s PD control system
Consider the elastic joint robot model (Ailon
and Ortega, 1993 ; Kelly er al., 1994)

Digg1+Clq, ¢)artgla) =Klg—aq)
Ji+Klge—q)=u (6)
Vy=q2

where ¢1/&€R” and ¢.& R" represent the link
angles and motor angles, respectively ; #uER" is
the torque vector; y is the measurable position
output ; D(g,) is the inertia matrix for the rigid
links ; J is a diagonal matrix of actuator inertias
reflected to the link side ; C(q1. ¢1) ¢ represents
the Coriolis and g(g2)
represents the gravitational terms, and K is a

centrifugal forces ;
diagonal matrix containing the joint stiffness
coefficients. One of the important structural
properties of the model (6) is that the matrix [)—
2C is skew-symmetric. More detailed discussions
can be found in many other references e.g. (Spong
and Vidyasagar, 1989 ; Ortega er al., 1998).

Tomei (1991b) proposed the following PD
controller to solve the set-point regulation pro-
blem

uZ—Kp((Jz—QZd)—Kddz+g(0m) (7)

where K, and K, are diagonal positive definite
matrices ; qiq 1s the desired link position which is
assumed to be constant, and ¢4 is a constant
vector defined by

K((]ld_qzd) =_g(41d)- (8)

Let H(ql)lzg——%((zl) and §=g—qga=1[4." §"1"

when go=[qfs gs]7. Global asymptotic stability
(GAS) of the closed-loop system (6)-(7) is
established if the following inequality holds

K —-K

’1’"(")::’1”'[—1{ K+K,

}>a (9)

or, equivalently,
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34,5
3 a
where a=| H(g))|| V@ ER™. Indeed, by virtue
of (9) or (10), the closed-loop system has a
unique equilibrium point g=gq(or §=0) which
is the solution of the following equation
- ( _ :
X(c{1>=<q Q1) g(m)) ()
g2 0

It is also an absolute minimum point for the

min{ An (K), An(Kp) } >

(10)

following function

P=1dxi+Ula) —a'glad  (12)
where g(q1) =—aU—a}(?Q. With (12), the follow-

ing function
V(g @)= 0"D{a) di+ydsJds
+Pi(q) —P(qq)

is proper and positive definite with respect to
tilde §=¢=0. The time derivative of (13), along
(6)-(7), is given by
V(Q, 4q) :—éerddz (14)
By applying the LaSalle’s Invariance principle,
GAS of the closed-loop system is obtained.
We complete this section by the following

(13)

corollary which provides another sufficient condi-
tion for GAS of the closed-loop system (6)-(7).

Corollary 1. If the following inequality holds
min{ An (K), An(Kp) } >2a (15)

where a>| H{q)
(6)-(7) has a unique equilibrium point g=guq
which is GAS.

Proof. It will be shown that by (15), instead
of by (10), (11) has a unique solution g=g¢q
which is also the absolute minimum point for
(12). The rest of the proof is illustrated in the
above or in (Tomei, 1991b).

[, then the closed-loop system

I
" 97 o both sides of (11),

0
If we multiply |:1 1]
n n

then

K —Kla\_[&qa) —glq)

[0 K, }(li)_(g(fhd) “g(ql))
This implies §:=K5'(g{(q1s) —€(g1)) and

(16)

nai=glqa) —2qy) (an

when yn=(L+KK; ) 'K. Let K=: diag{ k:}

and Kp=: diag{ p: }. x1 is a diagonal matrix and

its 7-th diagonal element is (%:p;) (k:i+p.) 7"

By (15), (ki+p:) (k) '<a ', which implies
An (1) > a. Therefore,

|X1§1|2Am(X1)|51|>a|51] (18)

= Ig(fhd) —g(ql)l

for all ¢1#qie. This implies (17) has the unique
solution g1=gis. Hence, (11) has the unique

solution.
Moreover,
FP__ 0 <g(ql) )
a2 g\ o (19)
ZI:K+H((1x) -K }
—-K K+KpJ

Since x\"H (q1) 1= —axi"x1, Vxi., @ €R”,
K+H(ql) _K X1
T T
' 2 )[ -K K+Kj<xz>
>0 (K—al)x—20 Ko+ (K+Kp) x

(20)

where x2E R". Let Kz :=K—a1,.=K2%K2%:. K is
positive definite by (15), and the right side of
(20) is rewritten as

| Kotz — Ko 1Ko P+ xa” (K + Ko — KK 'K) xo. (21)

Since K+ K,— KK:'K is diagonal and its 7-th
diagonal element is positive by (15), (19) is
positive definite. This means ¢ =gg4 is an absolute
minimum point for P. Il

In the next section, a method for designing the
additional system (5) is provided.

3. Point-to-Point Control of Elastic
Joint Robots

In this section, we show that the velocity
measurements in Tomei’s scheme can be replaced
by using an additional input-dimensional system.
Notice that the system (6) has relative degree of
two and the standard passivity-based control law
cannot be applied directly. We will take two steps
in the procedure : first an additional system and a
new output are determined such that the compo-
site system has relative degree of one and its ZD
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become the system {(6)-(7). Then the regulation
of the overall system is performed.

Since (7) is a linear control, the additional
dynamics are chosen to be the following linear

system
{7'7=E77+u, 7€ER" (22)
Ya=7.
The new output and its time derivative are given
by

y=v(g2) +7, and §=%u(02) +Enp+u. (23)

If we choose

vig) =Fg:+G
with F=Ki, G=—Kug:a— K:sK5'g(q1a) and
E=—K,K;!, then

_:,,—tl/(qZ) +El/(q2> =—qu'2_quz+g(qu) (25)

Note that (25) is the very PD law (7). Conse-
quently, the composite system (see Fig. 1) is
determined as

D(q) 41+ Clq, 01) gi+glg) =K{g—q)
J4:K(g2—q)) =u
1=—KKi'n+u
y=Kupz+9+6G.

(26)

Recall that the main feature of the normal form
is that the control input does not appear in the
dynamic equations of the ZD. With this in mind,
in order to preserve the physical meaning of the
system Eq. (26), only two of the state variables
are transformed into the new variables by the
following CT

g2—J'y ) (27)

(5)=(
y Kugz+ 3+ G
By (27), the system (26) is rewritten as

D(g)§:+Clqn, ¢) g1+ g(q) =K(g2—q1)
]éI—K(l]z_(Ix) —qu.z_KdE+g(01d)
KKK Y5 (28)
v=KpGo+ Kub — g (q1a)

H(KJ '~ KK v+ u.

It is obvious that the system (28) has relative
degree of one and is minimum phase because
£=¢ when y=0.

We take a positive definite Lyapunov function

Vg, ¢, & ¥)=Vilq, §1, E) + Va(3) as follows:

1S

Vi=5

D (@) it 5 €6+ Pila) ~ Pilg)
(29)

_or
Vo= S VY.

Let Ki'Kp—J 'Ky+ Ky=: @ and J 1K+ Kp)
4+ Kp=: R. Then, the time derivative of V along
(28) gives
V=—E"K£+3"Q6+ 5 (K '~ KoKi") 3
+y7 (RG.— ] 'Kgr—g(qua) +u).
If the control input is
u=—KJ'5—Ra:+g{qa) + 1z, (31)
V: _ETK45+J_)TQE—§TKPKJ1§ (32)
+y (=T 'Kt ua) .
When € is positive definite diagonal, by applica-

(30)

tion of Schwarz’s inequality,
_ I N 1 7 A-
y’QE=y’\/Q’~/UESWy’Qy+7§TQE (33)
with a constant y >0 such that K;—yQ >0.
With (32) and (33),
. 1 - . ~1-
V=& (K yQ) e+ v Ry~ KKy
+y (=T Kg1+ua) .

At this point, we consider the following two

(34)

cases. In the first case, only the rotor position g
is available for feedback. The link position g, is
supposed to be also available in the other case.

3.1 Case 1: control law using only g

Note that, especially when the set-point regu-
lation problem is concerned, there exists b; >0
such that [(§0):|=|(q) i— (qua) : 1< bi, 1<i<
Let By :=diag{ b:} and (sgn(y)).=sgn(y,).

The next result provides a control law with
which the closed-loop system is GAS.

Consider the system (26) with
the following control law

Proposition 1.

u=—Rg:+g(qa) _(%Q‘FKJ*)&
—J 'KBgsgn(y) +r.

When @Q is positive definite and K;— y@Q >0 with
y >0, the closed-loop system is OSP from » to
y if the inequality (15) is satisfied. Moreover,

(35)
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when =0, it has the unique equilibrium point
[G7 ¢7 37)7=0 which is GAS.

Proof. By (I
unique equilibrium point [T ¢7 y*]7=0.

n
Since —j’j“KcLSZI kb Ji' vl

5) the closed-loop system has the

V<—E"(Ka—7yQ) E— 9 KpKa'y+370v. (36)

This implies the OSP of the closed-loop system
(28)-(35) from » to y. Moreover, by the La-
Salle’s Invariance principle and similar analysis

in (Tomei, 1991b). the GAS is obtained when
y=0.
Remark 2. Instead of the function sgn(-) in

(35), by using the technique in (Su and Xie,
1996), the OSP property can be obtained by the
following control

u=—Rg:+g(qa) — ( Q+KJ~ )‘—v+r(37)

where v;=kb:yJ7 (| y:|+e) ™' and e=ge™"
with arbitrary constants &, ¢1>0. Indeed. by
(37)
V<-— ET — Q) E—V KuKi'y
(38)

+ Z; k,-bJF‘eoe*‘" + 37y

The integration over both sides of (38) results in

/ a’r+b’>pf '

where po=min{{K,Kz*):} and
B V +2 k b 60]1 Cl .

The “sgn’ -function is usually approximated by
a differentiable function for the practical use
1998).
proposition formalizes the result when y=1.

yir)dr (39)

(Edwards and Spurgeon, The following

Proposition 2. Consider the system (26) with
the following control law

u=—Rir+g(a) —(+Q+KJ )
—J'KBgtanh(oy)

where ¢ = 1. If the inequality {15) is satisfied, the
closed-loop system has the unique equilibrium
point [T ¢7 y7]7=0 which is globally bounded.

(40)

Moreover, if there exists a time £ such that for all

time {=>f the following inequality is satisfied
— 37 J 'KBgtanh{oyv) —y7 ] 'K§,<0  (41)
then the equilibrium point is GAS.

Proof. The closed-loop system (28)-(40) is

given by
/ D(q) g1+ Cla, dl)d1+g(01) '——K(C[:z"(h)
JE=Kgi— (K+Kp) G2 — Kaf
+(KKi'—KJ ! (42)

L
4 4

SKi'Kp— ] 'Ka+ Ko) v+ Kuf
—J UK+ K,) G2—J] 'KBgtanh (0¥ ).

Since £€=—J"'y when ¢=0,
points are the solutions of

Kih—Kg:=glqa) _g((h.)
— K+ (K+Kp) G:=K,Kq'y (43)
] S\'+] lKBqtaﬂh(UV ] K+Kyp) Q~z

the equilibrium

where S=%(5K;;KJI+3]_]K¢+K4). Since the

left hand side of the third equation in (43) is
smooth and strictly increasing function of v, there
exists a positive diagonal matrix 4 (3) >0 such
that y=—4(y
tions in (43) are rewritten as

{ K -K }(dl):<g(au)—g(al‘)> (44)
—K K+Kp+41\ g, 0
where 4(y) =KpKi'4:(y). Equation (44) has
the unique solution g=g4 by (15) because An
(Kpt4)> An(Kp) . Consequently, the closed-loop
system has the unique equilibrium point.

With the control law (40),

V<—ET(J ' Ka—Ka'Kp) E— v KpKa'y

) g2. Hence, the other two equa-

45

7] KBganh(ov) — 57Kz
< — T Ka Ki'Ky) 6~ 9TKKs'

+3 kg | 9l =l anh oD, 4

The first three terms in the right hand side of (45)
are always negative except £=y=0, and V<o
for all | ¥ |>§ with an arbitrary small §<1 and
some ¢=1. This guarantees the boundedness of
the closed-loop system. Moreover, if the inequality
(41) is satisfied, (36) holds for all #=4. (This
is probable because §, converges to zero when
y=0.) This implies the GAS of the closed-loop
system.
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3.2 Case 2: Using the Measurements g, ¢z
If the link position g1 is also available. we
consider the following control law
- | ) -
u=—qu+g(4u)—(7Q+KaJ l)y
+J'Kg +r.

(47)

Then, the closed-loop system satisfies the in-
equality (36) and is OSP from » to y.

Proposition 3. Consider the system (26) with
the control law (47). If the inequality (15) is
satisfied, the closed-loop system (28)-(47) has
the unique equilibrium point [§7 ¢7 y7]"=
which is GAS when »=0.

Proof. The equilibrium points are the solutions
of

Ki—Kg.=g(q1a) —g(q)
—Kg+(K+Kp) G:— KpKa'y=0  (48)
J'Kg—J] K+ Kp) G:— Sy=0.
From the last two equations of (48),
d2= (K + Kp) "' Kq. (49)
By {49), the first equation of (48) is rewritten as
[L,—K(K+Kp) "1KGr=g(qa) —g(q1). (50)
Since [I, —K(K +K,) 'K =, +KK;")
(50) coincides with {17). Hence, (50) has the
unique solution by (15). Consequently, by (49)
and (48), the closed-loop system has the unique

equilibrium point. Moreover, since (36) is satis-
fied, the equilibrium point is GAS.

4. Robustness Analysis for Parameter
Uncertainties

If there exist uncertainties on the gravitational
and elastic parameters, the equilibrium point is
different from the desired one. In that case, the
result of Proposition 2 is still valid for the
unknown new equilibrium point. Let £(q1) and
K be, respectively, the available estimates. Then,

y=Kupp+n+G (51)

where G= — Kufea— KoKp '8 (qa), and §aa is
defined by K(Gza—¢q1a) =8 (qia). The system
equation (28) is replaced by

D(q) g1+ Clq, @) dr+g(q) =K(q2—q)
]é: _K(Qz—(h) —Kp(qz—ﬁZd) ‘—KdE
+8(qua) +(KpKi'—KJ Yy (52)
v=Kp(g2—Goa) + Kab — & (1)
+(KJ '—KpKa") y+u.

Moreover, with B,=2B, the control law (40) is
modified to

Uu=-— (f_l(}?‘FKp) +Kp) (g2— G2a) + 8 (q1a)

(Lo + K )5~/ RBunnio). Y

The closed-loop system (52)-(53) becomes

Dig)g+Clq. @) aitglg) =K{g—q1)
]{":_de'*’K(ql—qz) —Kp(g2—Gza)
+5(qa) + (KpKi'—KJ ™y
§=— 4 SK' K= " Kat Ko) 5+ Kaé
_]_1(X+Kp) (qz—ﬁZd)
—J 'R Bgtanh(07)

(54)

The equilibrium points are the solutions of

Kii—Kg=g(qa) —g(q)
—Kg+ Ko+ Kp (2= G2a) — KpKa'y
=8(qa) —g(q1a) (55)
Sy+J 'K Bgtanh(oy)
=—J Y K+Kp) (g2—G2a)

Since there exists a positive diagonal matrix 2
(y) >0 such that y=—/(y) (g2— §za) , the first
two equations of (55) are rewritten in the matrix
form by

glaa) —gla)

2<g;>:< (Kp+ ) (G2a—q2a) +8(q1d) —8(q1a) ) (56)

where 4(y) =K,Kz'4(3) and
A_{ K -K }
AT K K+ Kp+A)
By the similar analysis of the proofs of Proposi-
tion 2 and Theorem 2 in (Tomei, 1991b), g=ga
is the unique solution of (56). An estimate of the
difference of g4 and ga is derived as
_ 1 AV A
| ga—qua |ST—A — (A (2) | Gza—Goa
m(X) a
+| 2(gea) —g(qra) )

(57)

Define the function
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PZ:%@TX(E'i' U ((11)
(58)

_ AT

g (g )

(Kp(@zd_q”) ‘f‘ﬁ(md) _g((hd)

The boundedness of the closed-loop system (54)
is obtained with the following Lyapunov function

P(a, 4 & 5) =30 Dia) dr+-5 &€
| (59)
+Plq) — Pi(qd) +7)7T.V-
Indeed, the time derivative of ¥/ along (54) is
V<—& (" K—Ki'Kp) €~ 5 KoKi'5
+57J ' [(K-K) (q.—q) —KBtanh(07)] (60)
+37] [~ K~ KBaanh (ayy )]
Since |(g2) :— (g1) < | is also bounded by the same
b: >0, 1 <7< n, as §,, the boundedness of all the

states of (54) is obtained from the analysis of
Proposition 2.

5. Simulation Results

In order to test the dynamic performances of
the proposed controller, the same numerical
simulations as in (Tomei, 1991b) were carried
out on a three link manipulator with three rigid
bodies interconnected by three revolute elastic
joints. All the robot parameters are the same as in
(Tomei, 1991a ; Tomei, 1991b) except as=0.

Moreover, the simulation
performed with the control law in (Kelly et al.,

runs were also
1994) to compare the performances of the control
law. In the well-known scheme, the following
linear filter is used to approximate the velocity
measurements (Kelly et al., 1994, Proposition 1)

x=—Ax—ABgq:
(9=X+BC]2,
u=—Kp(go—gra) — K9+ g{ha). (62)

In the simulations, A=30L and B=10k as in
(Kelly et al., 1994). It is interesting to note that
the closed-loop system (6)-(61)-(62) can be
viewed as a feedback connection of two passive

(61)

subsystems (see also (Lanari and Wen, 1992)).
On the other hand, the passive properties in this
paper are obtained by the temporary feedforward
connection.

The problem considered is that of regulation
about the reference position

T xx]” _
QId:[I vy ?] . a=qat K 'g(qra)
starting from the following initial conditions
T 7. . _ r
010:(120:|:0 > 0] s 0102020:)/():[0 00]7.

The proportional and derivative gain matrices are
chosen as in (Tomei, 1991b) i.e., K,=3000/; and
K.=10001%.

The simulation results by the three control laws
ie., (Tomei, 1991b), (Kelly et al., 1994) and
(40) with By=2nk, o=1 are all presented in
Fig. 2. Note that Tomei’s scheme requires the
velocity measurements. Since the maximum dif-
ferences between (Tomei, 1991b) and (40) are of
order 107 for g, and 1072 for ¢, tespectively, in
Fig. 2 it looks as if they had the same trajectories.
Hence, it can be said that the proposed control
law approximates the velocity measurements more
accurately than (Kelly ez al., 1994).

nk | Position Link 1 Velocity

41 . Proposed & Tomei

a) State ‘gu.{ b) State ‘¢1,1

Link 2 Position Link 2 Valocity

Kolly

«Proposed & Toms b o "
Pefroposed & Tomed

@5

© 1 E 3 4 (] 1 2 3 4

(c) State ‘g2 d) State ‘g2’
Lirk 3 Posion Link 3 Velacity
1 . B a
fer A et %
Proposed & Tomal 4l
O8 _kdiy Lig-Kely
?F?,‘ Frdppeed & Tomel, |
(0.4 | @J‘ by 418 0 .
e
@2h el
DE 4 1 3 4
(e) State ‘qy, f) State ‘g3

Fig. 2 Comparison of the simulation results
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- 2 0 ; :
1.5,
)8 1
0.5
i ) . .
(L.') 1 2 3 4 (U 1 2 3 4
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Link 3 Position Link 1 Velocity
0ne 2."'
|
|
o
a -
0 1 2 3 4 D 1 2 3 4
c) State ‘g1, 3 d) State ‘¢i1,1
Link 2 Velocity Link 3 Velocity
[ 2 8, .
Bt
B 4
- 2*%
5 gl o —
-2
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e) State ‘g2 f) State ‘g, 3

Fig. 3 Robustness for parameter uncertainties

In order to verify the robustness of the pro-
posed controller, another simulation was per-
formed in the same manner as in (Tomei, 1991b).
The simulation test was repeated by using a dif-
ferent payload (see (Tomei, 1991b, Table 1)) and
the elastic constants that are 109 greater than the
nominal Note that the controller was
designed with the nominal parameters. Both the
result by the exact Tomei's law (7) and the new

ones.

result are reported in Fig. 3.

6. Conclusion

The set-point (or point-to-point) control pro-
blem for an elastic joint robot is considered. We
first provide somewhat relaxed sufficient condi-
tion with which a Lyapunov candidate function is
proper and positive definite. Consequently, the
PD control law in (Tomei, 1991b) achieves GAS
of the closed-loop robot system.

Though the PD law is a good solution to the
problem, the velocity measurements are not
always available for the feedback law. To obtain

the effect of the velocity measurements, the pro-
posed method makes a parallel connection of
the robot system and an input-dimensional addi-
tional system. Under some conditions, the pro-
posed control law achieves the effect of the
desired derivatives of the output and the problem
is solved with only the position measurements.
Robust property with regard to the gravitational
and elastic parameters are also obtained. In
simulation studies of a manipulator with three
revolute elastic joints, the proposed controller
shows some enhanced performances to the previ-
ous result in (Kelly et al., 1994).
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