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SUMMARY

An adaptive force/position regulator for robot manipulators in contact with an elastically compliant
surface is proposed in this paper. The controller consists of a PD action on the position loop, a PI action
on the force loop, together with estimated gravity compensation and desired contact force feedforward.
The closed-loop system is shown to have a unique equilibrium state and asymptotic stability in the
neighbourhood of this state is proven via the classical Lyapunov method. To cope with imperfect gravity
compensation, the controller is made adaptive with respect to a suitable set of parameters in the gravity
term. Numerical case studies are developed for a three-joint elbow manipulator.
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1. INTRODUCTION

A fundamental requirement for the success of a manipulation task is the capability to handle
interaction between the manipulator and the environment. Typically the quantity that describes
the status of interaction most effectively is the contact force at the manipulator end-effector.
High values of contact force are generally undesirable since they may stress both the
manipulator and the environment. The use of a purely motion control strategy for controlling
the interaction usually gives degraded performance and can even cause instability. '

If force sensor information is not available for control purposes, the interaction can be
controlled indirectly by assigning a suitable dynamic behaviour between position and force
variables at the contact (e.g. impedance control).?"?

On the other hand, if contact force measurements are suitably embedded into the controller,
both position and force variables can be controlled even if it is not possible to simultaneously
impose arbitrary values of position and force along each task direction. The most widely
adopted solution to this problem is the so-called hybrid control strategy*~” in which position
and force are controlled along orthogonal directions through the use of selection matrices
operating on both reference and feedback quantities. Stability of hybrid control was
investigated by Wen and Murphy,® while an adaptive hybrid controller was proposed by
Lozano and Brogliato.® The problem of force/position control with force sensory feedback
was also studied for the general case of constrained motion tasks. %!

A conceptually different approach to forcefposition control of robot manipulators is the
parallel control strategy. !> As opposed to the hybrid control strategy, both force and position
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variables are handled along the same task space direction without any selection mechanism.
The effectiveness of the scheme is ensured by the dominance of the force control loop over the
position control loop along the task directions where interaction occurs. This makes the
scheme suitable to manage contacts with unstructured environment and unplanned collisions,
which are known to represent a drawback for hybrid controllers. Extensive description of the
parallel approach and performance of a control scheme with full dynamic compensation in the
case of contact with an elastically compliant frictionless surface can be found in Reference 13.

A regulator based on the parallel control concept was recently proposed by Chiaverini and
Siciliano* which comprises position PD action + gravity compensation + desired force feed-
forward + force PI action. Both asymptotic and exponential stability can be shown using the
Lyapunov direct method; the result is local in that boundedness of the initial state is
required. !* For given force and position setpoints along the constrained task directions the
force error is asymptotically driven to zero at the expense of a steady state position error.

In this paper the assumption of perfect gravity compensation is relaxed. First it is shown that
a different equilibrium state exists and is unique; a position error occurs also along the
unconstrained task directions. Then the closed-loop system is shown to converge
asymptotically to this state via the classical Lyapunov method. In order to overcome the
drawback of unavoidably imperfect estimation of the gravity term, a parameter adaptation law
is added to the PID force/position controller; this is made possible by a suitable linear
parametrization of the gravity term. The stability analysis leads to the derivation of conditions
to be satisfied by the PD position feedback gains and the PI force feedback gains.

Simulation results are presented for a three-joint elbow manipulator; the dynamic model
parameters are those of the first three joints of the industrial robot COMAU SMART 6.10R.
A numerical case study with an unknown payload mass confirms the good performance of the
PID force[position controller with gravity parameter adaptation in comparison with the non-
adaptive controller.

2. MODELLING

The dynamic model of a robot manipulator constrained by the environment can be effectively
written in the operational (Cartesian) space’ in the form

B(x)X+C(x,x)x+g(x)=u~—f (1)

where x is the m % 1 vector of end-effector location, B is the m x m inertia matrix, Cx is the
mx 1 vector of Coriolis and centrifugal generalized forces, g is the m x 1 vector of
gravitational generalized forces, u is the m X 1 vector of driving generalized forces and f is the
m X 1 vector of contact generalized forces exerted by the manipulator on the environment; all
operational space quantities are expressed in a common reference frame.

When m is equal to the number of joints, n, and the manipulator moves in a singularity-free
region of the workspace, the vector of operational variables constitutes a set of Lagrangian
generalized co-ordinates and B assumes the meaning of a true inertia matrix. In contrast, in
the case of kinematically redundant manipulators (m < n), B is only a pseudo inertia matrix.*

The n x 1 vector 7 of joint actuating generalized forces is computed as

r=J3Tu Q)

where J is the m X n manipulator Jacobian matrix.
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The following notable properties of the dynamic model (1) can be established.

(i) The matrix B is symmetric and positive definite. If Am (AM) denotes the minimum
(maximum) eigenvalue of B, then

0<Anl < B <Al 3

where I is the m X m identity matrix; in the case of all joints being revolute, Ay < .6
(ii) There exists a choice of matrix C such that the matrix

S(x, x) = B(x) — 2C(x, X) O)
is skew-symmetric.!” This also implies that
B(x) = C(x,x) + CT(x, %) ©)

Further, the matrix C is upper-bounded in x and linear in x;'® hence a constant kc > 0
exists such that

| Cx, %) || < kcfl x| ()
(iii) The gravity force vector g can be thought of as being given by
g(x) = aU(x)/ax )

where U(x) is the gravitational energy in the operational space, which is bounded for
any x. A helpful property of the gravity term is that g has bounded partial derivatives, 18

i.e.
| dg(x)/ax || < o ®)
for some 6 > 0. This also implies that
llgx1) - g(x2) || <6l x1—x2| &)

(iv) The robot robot dynamics (1) can be cast in a convenient form which is linear with
respect to a set of suitable constant parameters such as masses, moments of inertia,
etc. 122° With specific reference to the gravity term, it is quite easy to show that the
vector g in (1) can be written in the form

g(x) =G(x)¢ (10

where G is a 3 X p matrix, a function of end-effector position x, and @ is a p X 1 vector
of manipulator and load constant parameters.

For the purpose of the present work, attention is restricted to the case of non-redundant,
non-singular manipulators with m=n=3, i.e. only translational motion and linear force
components are considered. Then x denotes the end-effector position and f denotes the end-
effector linear forces at the contact,

Accurate modelling of the contact between the manipulator and the environment is usually
difficult to obtain in analytic form owing to the complexity of the physical phenomena involved
during the interaction. It is then reasonable to resort to a simple but significant model relying
on the robustness of the control system in order to absorb the effects of inaccurate modelling.

Upon these premises the case of an environment constituted by a rigid, frictionless and
elastically compliant plane is analysed. !2~'* The model of the contact force takes on the simple



392 B. SICILIANO AND L. VILLANI

form
f=K(x - xo) (11)

where x is the position of the contact point, X is a point of the plane at rest and K is the 3 x 3
constant symmetric stiffness matrix*' that establishes a linear mapping between x — xo and f;
notice that equation (11) holds only when the manipulator is in contact with the environment
and all quantities are expressed in a common reference frame. Moreover, observe the
following.

(i) The contact force is orthogonal to the plane for any vector x — Xop; then a base of #(K),
where #(K) denotes the range space of matrix K, is the unit vector n orthogonal to the
plane and rank(K)=1 < 3.

(ii) All vectors x — xo lying on the plane do not contribute to the contact force; then a base
of A#(K), where .#(K) denotes the null space of matrix K, is a pair of linearly
independent unit vectors (p;, p2) tangential to the plane.

(iii) Because of the symmetry of K, #(K) = %#(KT) and a convenient choice for (pi, p2) is
such that the columns of the matrix

R=(p: p2 n) (12)
form a set of orthonormal vectors constituting a base of R>. '
According to the above remarks, the matrix K can be decomposed as
K =R diag(0,0, k)R = knn” 13)

where R, defined in (12), is the rotation matrix from the frame attached to the plane to the
reference frame; then k& > 0 is the stiffness coefficient characterizing the contact, which acts
along the direction orthogonal to the plane.

3. PID FORCE/POSITION REGULATOR

A typical regulation task for a robot manipulator in contact with the environment can be
prescribed in terms of a position setpoint x4 and a force setpoint f4. It can be recognized that
in general it is not possible to simultaneously achieve both setpoints.

An effective strategy to comply with the task geometry is the parallel control approac
which offers good robustness to inaccurate contact modelling. The key feature is to have a
force control loop working in parallel with a position control loop along each task space
direction. The logical conflict between the two loops is managed by imposing dominance of
the force control action over the position one.

A force/position regulator in the parallel control framework for system (1) was proposed '*
based on position PD action + gravity compensation + desired force feedforward + force PI
action, i.e.

h’12,13

t

U= kpAX — kpk + g(x) + fa + keAT + ky S Af do (14)
0

where AX = x4 — X is the position error, Af = f4 — f is the force error and kp, kp, k¥, k1 > O are
suitable feedback gains.

It is important to remark that no exact knowledge of the stiffness coefficient k is required
by control (14), although it is expected that the actual value of environment stiffness affects
the performance of the closed-loop system. Notice that, differently from Chiaverini and
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Sciavicco, ! no full dynamic model compensation is required, since the controller is formed
by linear actions together with gravity compensation only.

Looking at the properties of elastic contact model (11), the only possibility of obtaining a
null force error is to assign a setpoint fq € 2(K). On the other hand, this is consistent with the
fact that the considered environment can generate reaction forces only along the direction
normal to the plane. If no information about the geometry of the environment is available,
the null vector can be assigned to f4, which is anyhow in the range space of K. Thus in the
remainder it is assumed that fq € 92(K). Analogously, it can be recognized that null position
errors can be obtained only on the plane of contact, while the component of x along the
normal direction has to accommodate the force requirement specified by f4; thus x4 can be
freely reached only in A4(K).

As demonstrated by Chiaverini and Siciliano,'* the unique equilibrium state {X.,fo} for
system (2) under control (14) is

x,,=% nnT(f4 + kxo) + (I — nnT)x4 (15)

fo = knnT (X — Xo) = fa (16)

An example of construction of the equilibrium state in a two-dimensional case is illustrated
in Figure 1. :
In order to study the stability of system (2), (14) around {X, f<}, define

e=Xo—X {an

which by virtue of (15), (11) and (13) can also be written as

e=(I—nnT) Ax+ L naT Af=Ax+ - d (18)
k kp
where X
d=7P nn" [fq + k(Xo ~ Xq)] (19)

Figure 1. Construction of the equitibrium point in a two-dimensional case
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is a constant vector accounting for the effects of the environment contact force and the desired
force setpoint, both in #&(K). For later use, notice that

nTe= % nTAf 20)
From (17) we have
é=—Xx 21)
Further, define
s=1 nT(S' Af do -+ d) 22)
k 0 ks

In view of the assumptions made above, the vector in parentheses lies on #(K); thus,
projecting this vector along the direction normal to the contact plane allows us to extract the
only non-null scalar component which is relevant for the present analysis. Deriving (22) with
respect to time and accounting for (20) yields

s=n"e (23)
At this point consider the 7 X 1 augmented state vector
z=(x e 5)' (24)

The augmented system described by (1), (21) and (23) under control (14) can be written in the
standard compact homogeneous form
z=Fz (25)

where

-1 o 0
or nT 0
with k¢ = 1 + kr; O denotes the null matrix and 0 the null vector of proper dimensions. Notice
that some handy reductions, using the expression for K in (13) and the definition of s in (22),
have been performed to derive (26).
The following result can be stated.

—B Y(C+kpl) B '(kpl+ ktkon™) kikB~'n
F= (26)

Theorem 1

If the assumption

le@f <@ <o @n
holds, then there exists a choice of feedback gains kp, kb, k¢ and k; that makes the origin of
the state space z =0 for system (25), (26) asymptotically stable. |

Proof. See Reference 15. H

Further, under slightly more restrictive conditions for the feedback gains it is possible to
prove exponential stability for system (25), (26).'°
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4. IMPERFECT GRAVITY COMPENSATION

The nice feature of the above force/position regulator is the computational simplicity of
control law (14); this is formed by a PID linear term and a non-linear term that compensates
for gravity. In the following the requirement for perfect compensation is relaxed. It will be
shown that the system remains asymptotically stable, but around a different equilibrium
position. To overcome this inconvenience, an adaptive version of the regulator will be
proposed in the next section.

Consider the modified control law

t
u=kpAx—kpil+g(x)+f¢+kpAf+k1S Af do 28)
0

where § denotes the best available estimate of the gravity term g.
By analogy with (7), the estimate of the gravity force is

g(x) =30(x)/ox (29)
and a property similar to (8) can be assumed for §, i.e.
| agx)/ax || < & (30)

for some § > 0. This also implies that
g (x1) — g(x2) || <51l x1 —x2 | E2))

In the following the new equilibrium state for system (1) under control (28) is found. In view
of imperfect gravity compensation, the system at equilibrium satisfies the equations

T-mT)[g(x) - g(x)] = kp(I—nnT)(x4 —Xx) (32)
n'x =% nT (£ + kxo) (33)

Note that in the case § = g, equations (32) and (33) have the unique solution given by (15) and
(16). According to the analysis of Section 2, the matrix I — nnT projects a vector on to the
plane of contact characterized by (p1, p2). Let g, and x,, respectively denote the 2 X 1 vectors
given by the components of RTg and R™x on the contact plane, with R defined as in (12). Also,
let x, and fun respectively denote the scalar component of R™x and R™f, along the normal to
the contact plane. As a consequence, equations (32) and (33) can be reduced to the three
(two + one) equations

8p (Xp, Xn) — §p(Xp, Xn) = kp(Xdp — Xp) (34)
o= % (faa + kXon) @35)

Note that from the third equation xn is a constant and thus determines the position of the
contact plane at the equilibrium.
At this point, following the analysis of Tomei,'® consider the function

P(xp) = Up(xp) — Up(xp) + § kpx Txp — kpx3pxp 36)

where U, is the gravitational energy evaluated with x, as in (35). Since U, and U, are bounded
and § kpxjx;, is a convex function, P has an absolute minimum for a finite x,; since 3 P/dxp = 0
gives (34), system (34), (35) admits at least one solution and so does the original system (32),
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(33). Let - denote such a solution; then equations (32) and (33) evaluated for x = &< become
I -on")[g(Re) — §(Re)] = kp(I — 0 7)(Xa — Re) 37
n'f. =% n"(fa + kxo)
Subtracting (37) and (38) from (32) and (33) yields

(- 0n") {[g(x) - g(R=)] — [E(x) — §(R=)]} = kp( — 00 T)(Re — X) (39
n Re-x)=0 (40)
Plugging (40) into (39) gives
- on") {[g(x) - g(R=)] ~ [(X) — E(Ra)]) = kp(Ro ~ X) 1)
By exploiting (9) and (31) and choosing
kp>8+86 42)

the following chain of inequalities holds for any x # &«:

| @—nn"){[g(x) - g(k)] — [8(x) — B(Re)1} |}
< A-007)[g(x) - gR)] || + || M- n0™) [§(x) - g(R)] |}
<[l g(x) — gRa) || + || £(x) — 8(Ra) ||
<O|x—Rao || + 8[| x — Rao ||
<kp || x - R (43)

implying that x = R is the unique solution to (39) and thus also to (32) and (33). In sum, the
unique equilibrium state {£x, f»} for system (2) under control (28) with condition (42) is

R =% nn " (fa + kxo) + (1 — nnT)(xa - kl., (8 (%) — ﬁ(ﬁu)l) 44

fo = knn" (e — X0) = fa 45)

Therefore in the case of imperfect gravity compensation the force setpoint is still attained while
a different end-effector equilibrium position is reached compared with the case of perfect
gravity compensation. More specifically, a comparison between (15) and (44) reveals that the
components of x along the constrained task direction (n) coincide — see the first terms on
the right-hand side of (15) and (44) — while the imperfect gravity compensation affects the
components of x along the unconstrained task directions (p1, p2), which thus differ — see the
second terms on the right-hand side of (15) and (44).

Similarly to the steps prior to Theorem 1 of the previous section, the new error vector is
given by

1

8=Ax+—
x+kp

i~ L g®) - 200 (46)
P
with

a-ke .mT(rd + ko~ x0) + 2 [88o) - e(xa)l) @7
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Further,

1

nTé= P nT Af (48)

Notice that both Af and d belong to %#(K); thus, sirhilarly to (22), we have
R | S ‘ _1 ) 9
.§—kn(oAfda kla (49)

In view of the imperfect compensation g(x) = §(x), the closed-loop system is no longer
homogeneous as in (25) but is given by

8=F2+p (50)
with F as in (26), 2= (x & §)" and

B g(x) — 8(Re) — g(X) + g(Re)]
B= 0 ¢y
0
Notice that Z=0 is a solution to (50). Thus the following result can be stated.
Theorem 2
If the assumption
e <d<ow (52)
holds, then there exists a choice of feedback gains kp, kp, kr and k; that makes the origin of
the state space 2 = 0 for system (50), (26), (51) asymptotically stable. |
Proof. Consider the Lyapunov function candidate
V&)=12"P2 53)
where
B —pB 0
P= (- oB (ke + pkp)I + kikunT k.kn) (54)
0T kikm™T sk

with p > 0. Computing the time derivative of V along the trajectories of system (50), (26), (51)
gives

V(#@)=2"PF +1iP)2+2"Pu (55)
and after some algebraic manipulation
V= —xT(kpl — pB)X — pe"C"x — " [pkel + (ki — ki)kmn"]e + 2 Py (56)

in which the skew symmetry of matrix (4) and equation (5) have been conveniently exploited.
The conditions that make V positive definite coincide with those derived for the perfect gravity
compensation case, '’ i.e.

kp + pkp > pz)\M 57
pkE > ki (58)
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Regarding V in (55), the quadratic term is the same as the one guaranteeing asymptotic stability
in the perfect gravity compensation case, being now the equilibrium state 2 in lieu of z. Thus
it is sufficient to consider the second term in (55); this is given by

2TPr=(xT - p&") [§(x) — §(R) — 8(X) + g(Re)] (59
In view of (9) and (31), the following inequality holds
2TPu < (k|| +oll &)1 +8) (60)

Following a similar derivation to that of Theorem 1'* and exploiting (52) and (60) allows us
to find an upper bound for the function in (56) as

V(2) < —(kp — phm — pkc®) || X |2+ G+ 8) || x|l || &
—plke— 6+ 8)] || &> - k(okt — k1)§? (61)

This reveals that there exists a choice of kg, kp, kr, k1 and p that makes V negative semi-
definite, i.e.

kp > p(Am + kc®) €2
5+6
kp> (6+ 8)(1 + 4pkp — p(O\m + k) ]) @

together with (58) again. Observing that condition (62) implies (57), it can be recognized that
the conditions to be satisfied are (58), (62) and (63). To conclude asymptotlc stability, the case
V =0 must be analysed. It is easy to see that ¥ =0 if and only if x=0, & =0 and § = 0; from
the first three equations of (50) and (26) it can be seen that x =0 if and only if §=0. Thus
the only system trajectory satisfying V=0 is 2=0; owing to the LaSalle invariance set
theorem, this equilibrium state is asymptotically stable. |

Notice that the constant p is not used by control law (28) and thus is a degree of freedom
available to satisfy conditions (58), (62) and (63). Compared with the stability analysis for
control (14) presented in Reference 15, which leads to conditions on kp, k¥ and k; only, now
kp is also involved. On the other hand, from the above equilibrium analysis kp has to satisfy
(42), which is then implied by (63). This fact is reasonable, since the effect of imperfect gravity
compensation has to be properly counteracted by increasing kg; the larger kp is, the closer £
is t0 Xc.

5. GRAVITY PARAMETER ADAPTATION

In view of (10), the control law (28) can be rewritten as
t
u=kpAx—kni+G(x)9+f¢+kpAf+kIS Af do (64)
0

where 8 is the vector of estimated parameters.
In this situation the equations of the closed-loop system become

z=Fz+p (65)
with z as in (24), F as in (26) and

-B'G(x)§
k= 0 (66)
0

where § = 0 — 8 is the parameter error vector.
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In addition to control law (64), the parameter estimate vector is determined according to the
update law

o t
§= -1 GT(x)[x—ﬁ(AHf'-S Af da)] 67
v ke Jo
with » > 0.
The following result can be stated.
Theorem 3
If the assumption
(e@|| S ¥1 <, |s(0)} < ¥2 < =) (68)

holds, then there exists a choice of feedback gains kp, kp, k¢ and k; that makes the origin of

the state space z =0 for system (65), (26), (66), (67) asymptotically stable and the parameter
estimate vector 8 bounded ]

Proof. Consider the Lyapunov function candidate

Wz, 8)<=12"Qz + 1,070 (69)
where
B -8B —+Bn
Q=| -8B (kp+ Bkp)I +kiknnT (kik + ykp)n (70)

—~vn"B (kik + vkp)n® Bkik + v (kp + kik)

with g8, ¥ > 0. Computing the time derivative of W along the trajectories of system (65), (26),
(66) gives

Wz, 8) =27 (QF + }Q)z + 2"Qp + v§76¢ )
and after some algebraic manipulation
W(z,0) = —x(kpl — BB)X — e[ Bkpl + (Bktk — kik — vkp)nnTe — ykiks?
—vx"Bon"e - (BeT + ysmT)CTk — (X"~ BeT ~ ysn")G + 078 (72)

where the skew symmetry of matrix (4) and equations (5) and (10) have been exploited. The
function candidate (69), (70) accounting for (3), (23) can be lower-bounded as

1 GTp (201 -1\ (B
W8 > 1B e )( — 81 (kp+ﬂkn)l)<e)

cte (12201 1 Bi
+3@'B )( — v(kp+k#k)l)(m)

v ktk kik + yko\ [§ T
+3(s s)<k1k+'yk|) Bk )(S) +3070 (73)

Regarding W, the choice

—67=6'=-%Gf(i-ﬁe—7sn) (74)
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allows us to cancel the terms in (72) depending on . It is crucial to remark that in view of
(18) and (22), the choice

v = Bkik|kp (75)

makes the update law (74) equal to (67). By virtue of assumption (68) and equation (6), the
following inequality holds:

—(Be™ + ym")CTx < (B¥1 + y¥2)kc || X |I? (76)
Thus the function (72) can be upper-bounded as
W) < — lkp — B\ — (B¥1 + y¥2)ke] || %112~ i x|l fl el
— Bke || e ||> — ykiks® — (Bkik — kik — vkp)§* an

Equations (73) and (77) reveal that there exists a choice of kp, kp, kr, k1 and B, with y as in
(75), that makes W positive definite and W negative semidefinite provided that

kp > Blkc(¥1 + Yakik[kp) + Am(1 + M (k1k)?[ kD)) (78)
ke > B(28 v — kp) (79
ke + ktk > 2Bkik v/ kp (80)
Bkt > k(1 + Bko/ke)? (81)
In particular, condition (81) admits real solutions for 8 if and only if
kil ky > dkplke (82)

The negative semidefiniteness of W implies that § is bounded and thus 8 is also bounded. As
above, the case W = 0 needs to be analysed. It can be seen that W = 0 if and only if z = 0; from
(65), (26) and (66) it can be seen that z=0 if and only if u=0, i.e. GO = 0. Thus the only
system trajectory satisfying W= 0 is z=0; owing to the LaSalle invariance set theorem, this
equilibrium state is asymptotically stable. o

Notice that the constant 8 is not used in control law (64) but affects the dynamics of the
adaptation mechanism in (67). The other constant 4 is keenly used to render the adaptation
law (67) a function of physically measurable quantities already used in control law (64), i.e.
position, velocity and force measurements. Further, observe that the parameter error vector
is not guaranteed to converge to zero and a residual error may exist at steady state, depending
on the structure of matrix G. This feature is just inherited from classical adaptive motion
control schemes. !¢

6. CASE STUDY

The proposed force/position controllers were tested in a case study on the industrial robot
COMAU SMART 6.10R. Only the first three joints were considered, constituting a typical
elbow manipulator geometry with zero shoulder offsets. The complete dynamic model and
numerical data of robot parameters are reported in Reference 22. A tip payload of mass
m; = 10 kg and zero inertia with its centre of mass 0-2 m from the manipulator tip was added;
this was assumed to be the only relevant parameter # in (10). Simulations were run in
MATLAB on a PC-486/33.

A step motion from x=(1:100 0 0)* (m) to the setpoint xa=(1:120 0 0)T (m) was
commanded to the manipulator tip. The setpoint fq = 0 was assigned for the tip force. The
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geometry of the contact plane is characterized by n= (1 0 0)T and xo = (1-115 0 0) (m); the
stiffness coefficient is k= 10° Nm~!, It can be recognized that an unexpected impact occurs
along the direction normal to the plane at a distance of 0:005 m from the target point xa.

Four sets of simulations were carried out at a sampling time of 2 ms with the following
controllers:

(a) control law (14) without force action (kg = k1 =0)

(b) control law (14) with force action;

(c) control law (28) with non-compensated load mass (/i = 0)

(d) control law (64) with initially non-compensated load mass (##(0) = 0) and adaptive law
(67).

The PD position feedback gains for all cases were set to kp=10°Nm™' and
kp = 10* Nsm™! so as to guarantee a well-damped behaviour for the unconstrained motion of
the manipulator.

The PI force feedback gains for cases (b—d) were set to kr=9 and k1 =24 s™! so as to
achieve a satisfactory behaviour during the constrained motion. With the above values it was
possible to satisfy

(a,b) design conditions (58) and (62) for control law (14) with some p > 0 for available
estimates!® of \u, kc and &

(c) design conditions (58), (62) and (63) for control law (28) with some p > 0 for available
estimates of \m, kc, ®, 6 and §

(d) design conditions (78)—(82) for adaptive control law (64), (67) with some 8 > 0 for
available estimates of Am, kc and ¥,.
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Figure 2. Time histories of position x-component and z-component, contact force and load mass estimate
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The numerical results for the above four cases are illustrated in Figure 2 in terms of the time
histories of the x- and z-components of position, the contact force (purely along x) and the
estimated load mass, which is significant only for case (d).

The x-position and force reveal that without force feedback, case (a), finite steady state
errors occur for both x-position and force; with force feedback, cases (b—d), the x-position
and force behaviour is essentially the same for all controllers and null steady state errors are
guaranteed. On the other hand, the z-position behaviour differs for each controller. It is driven
to zero at steady state in all cases except (c); in fact, in the latter case the imperfect gravity
compensation affects the vertical component of the tip position. Remarkably, the adaptation
mechanism, case (d), works satisfactorily to recover the initially non-compensated load mass
and the performance compares favourably with that of the controller with perfect
compensation, case (b).

7. CONCLUSIONS

Stable force/position regulation of robot manipulators in contact with an elastically compliant
surface was presented in this work. The controller consists of a PD action on the position loop,
a PI action on the force loop, together with gravity compensation and desired contact force
feed forward.

If compensation is perfect, asymptotic stability around the system equilibrium state is
ensured. If compensation is imperfect, a different equilibrium position is asymptotically
reached. To overcome this drawback, an adaptation mechanism is effectively added that acts
on the gravity parameter vector so as to recover the original equilibrium state asymptotically.

The stability proofs are based on Lyapunov functions of the system state containing off-
diagonal terms which can be considered as a generalization of the Lyapunov functions in
Reference 23 to the case of stability of force/position regulators. The positive constant
appearing in some of the off-diagonal terms serves as an additional degree of freedom to
satisfy design conditions on the feedback gains, but remarkably is not used by the control law.
In the case of gravity parameter adaptation, another positive constant is needed which turns
out to be very useful to make the adaptation mechanism operate on feedback quantities
already available to the controller.

A case study was developed for a three-joint industrial elbow manipulator whose tip
experiences an unexpected impact with the environment on the way towards the target
position. An unknown payload was added to test the performance of imperfect gravity
compensation as well as of parameter adaptation. The numerical results of four sets of
simulations confirmed the theoretical derivation.

Future work will be devoted to investigating the performance of the scheme for tasks that
entail tracking of the tip position along unconstrained directions. In this respect it is desired
to design PID force/position controllers that will guarantee good performance in surface edge-
following tasks.?
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