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Technical Notes and Correspondence

Adaptive Hybrid Force-Position Control for
Redundant Manipulators

R. Lozano and B. Brogliato

Abstract—This note presents an adapti I sch for p
lators with redundant degrees of freedom. The control purpose is to
achieve a desired interaction force between the end-effector and the
environment as well as to regulate the robot tip position in the Cartesian
space. This control approach does not require measurement of the joint
acceleration nor the force derivative.

I. INTRODUCTION

The last ten years have witnessed an increasing interest in
adaptive control of robot manipulators. In particular, adaptive
motion control of rigid robots has attained a certain degree of
maturity [1]-[9]). These studies have been carried out assuming
that the robot moves frecly in the task space. Nevertheless, the
interaction between the robot and the environment has to be
taken into account in most of the real industrial applications of
articulated mechanical systems. This naturally leads us to con-
sider control schemes that regulate the interaction forces be-
tween the end-effector and the environment. Several types of
such controllers have been proposed in the literature and can
basically be classified as complaint motion control [10]-{12],
pure force control [3], [17], and hybrid schemes [3], [10), [12]-]15],
and [18].

Recently, the first adaptive force controliers have been pro-
posed in [3] and [17]. One of the problems encountered in [3]
was the use of the first derivative of the measured force in the
control law. Such problem has been solved in [17] for the case of
single-link mechanical manipulators. To date, the extension of
such an approach to more general manipulators does not seem
feasible in view of the robot redundancies.

In this note, we present an adaptive hybrid force-position
control scheme applicable to general redundant mechanical ma-
nipulators. As is currently assumed, the robot is supposed to
work in a space free of singularities, i.e., a space where the
Jacobian matrix is full rank. The control input does not require
measurement of the force first derivative nor the joint accelera-
tion. The stability analysis is based on the robot’s passivity
properties.

This note is organized as follows. Section II presents the robot
dynamic model and problem formulation. Section I is devoted
to develop the control scheme for the known-parameters case.
The adapative controller study is given in Section IV. The
concluding remarks are finally given in Section V.

II. DYNAMICS OF RiGID ROBOTS

Based on Euler—Lagrange equations [10], the mechanical ma-
nipulators dynamic model is given by

D(g)§ +C(q,9)g +g(q) =7— 7, )

where g, 4, § € #" are the joint position, velocity, and accelera-
tion, D(gXn X n) is the inertia matrix, C(q, gXn X n) contains
the Coriolis and centrifugal terms, g(gq) is the n-dimensional
gravitational torque vector, 7(n X 1) is the actuators torque, and
7, is the interaction torque with the environment.

The dynamic model (1) has the following fundamental proper-
ties [7].

P1) The inertia matrix - D(q) is symmetric, positive definite,
and both D(q) and D~'(g) are uniformly bounded as a function
of q.

P2) All the constant inertial parameters in D(g), C(q, ¢), and
g(q) appear as coefficients of known functions of the general-
ized coordinates [24], [25].

P3) N(q,q) = (D(q) — 2C(gq, ¢) is a skew symmetric matrix
Ge, N=—NT),

The end-effector position and orientation in the Cartesian
space, x €#™ and its derivative £ € 2™(m < 6) are related to
the joint coordinates g and velocities g by

x=f(q) @
*=J(9)q 6))

where J(q) is the m X n (m < n) Jacobian matrix of the robot
direct kinematic relation f(g). :

The interaction force F € %™ at the end-effector, performing
work on x, and the interaction torque 7, € £” in the joint space
are related by [19]

1. =JT(9)F. O]

Remark 1: If the end-effector orientation is defined using the
Euler angles, then the vector of linear and angular velocities
w = [v, Q] is related to % by w = T(x)i (see [15] and [18]) and
w = J(g)§ where T is the Jacobian matrix. In this case, (3) will
still hold with J = T~ 'J. We will assume that F is measurable.
However, if instead we measure F,, performing work on the axis
of the Cartesian frame, then the transformation matrix 7" can be
used to compute F. v

Let us define x, as the position and orientation vector in the
task frame in the same way as x. Then the following relation
holds [18]:

¥, =R(x,x)x

®

where R(x, x,) is a transformation matrix—assumed to be non-
singular—which depends on the environment geometry. This
transformation is introduced to simplify the relationship be-
tween the interaction force and the environment deformation

efined below.

Throughout the note, we will assume that the interaction
force F, in the task space is proportional to the environment
deformation x, - x,, ie.,

F=K(x,-x,) (6)



win
F= RT(x,x,)F‘, O]

where X is the (m X m) constant stiffness matrix and x,, is the
environment /end-effector contact point position when the robot
does not exert any force on the environment. This assumption
clearly requires the environment to be homogeneous (i.e., com-
posed of materials having the same elasticity properties) and
also requires the shape of the environment to be such that the
stiffness does not depend on the contact point. This assumption
will be required in the design of an adaptive control scheme in
the next section. It is clear that if the effect of the environment’s
shape on the stiffness matrix is known, it can be incorporated in
expression (6) as long as the unknown parameters appear lin-
early.

Here, for simplicity x, is considered constant. In the case
when x, is time-varying the analysis is still valid if the relation-
ship between x, and x is known.

In general, the stiffness matrix K in (4) is not necessarily
invertible. We will assume without loss of generality, that the
elements of F, have been chosen in such a way that F can be

decomposed as
= {5 K
= H - [75]0‘1 %)

where F, € #°, K is a full-rank (s X m) (s < m) matrix and the
rows of K' depend linearly on the rows of K. Therefore, we will
only be able to control F,, the elements F,' being given as linear
combinations of those of F,.

In the next section, we will present a force position control
scheme for robot manipulators. The control scheme requires
only measurement of g, ¢, and F. Section III gives the control
scheme structure for the case when the system parameters are
known. Section IV presents the corresponding adaptive scheme
and studies its convergence properties.

®

IIL. FORCE / POSITION CONTROL SCHEME: THE KNOWN
PARAMETERS CASE

We will consider that the following assumptions are satisfied:

A1) The Jacobian J(gq) in (3) is a full-rank known matrix.

A2) The transformation matrix R(x) in (5) is known.

A3) The stiffness matrix K in (8) is a constant matrix,

A4) g¢,4, and F are physically measurable.

In this section, we will present a nonadaptive control scheme

for the case when all the system parameters are known, ie.,

D(g),C(q, §) are known.

The following identities will be used in the control law synthe-
sis:

I=J7+J- 0]
I=K*K+K~- (10)
where
I=I(I@IT(@] 1)
_ K*=KT[KKT]"" (12)
I =1 =I"(@LHI" (@] I(9) (13)
K =1—-KT[RKT] 'k (14)

J* and K* are the Penrose pseudo inverse and J~ and K~ are

projectors, i.e., idlempotent matrices

= (15)
K-K-=K". (16)
Note also that

Hr=1 aa7)
=0 (18)
KK*=1 19)
KK~=0. 20)

Identity (9) allows us to decompose ¢ in (3) as follows:
G=JG+I g =T +T7¢ (1)

where J~¢ is in the null space of J, [see (18)] and J*i is in its
complement [see (17)]. Similarly, from (5), (8), and (10)

%=R"%, (22)

i, = K"Kk, + K™, (23)

% =K"FE + K%, 2%
£=R"Y(K'F, + K&). (25)

The above procedure can also be used to decompose §.
Taking the first derivative of (3)

i=Ji+Jg. (26)
Using identity (9) and the above
G=JtG+I"G=T"[%-J§l +J§. @n
Similarly from (8) and (10)
¥ = K*Ki, + K%, = K*F, + K&, (28)
From (5) we have
i=R7'(% - R¢). (29)

Introducing (2), (3), (21), and (25) through (29) into (1) we obtain
D{J+[R-1 (K*E, + K%, - Rig) - J'q] + J‘-r‘j}
+ CRT(KTE, + Kod,) + g vg=1—1. (30)

This equation is exactly equivalent to (1), however, (30) en-
ables to clearly distinguish those components of F,, x,, and g
that can effectively be controlled. The following lemma proposes
a control law that regulates the force F, and the component of
the task-space position x, in the null space of K (i.e., K7x,).

Lemma 1: Consider the mechanical manipulator model in
(30). Assume that the control input r is given by

T = Tigeal
=1,+D {J*‘R“[K"i;, + K-, - RIg — qu] + rq‘,,}
+ C{J*R™ K v+ K" v ) + 4} +g ~ Dz~ Gr
(31




where

d(J*R“‘) -,
—— (k" (F, - v) + k- +—iq

{K*(F = u) + K- = w)} + ——4 (32)

r=J+R ’[K+ - Uf) + K~ (x, x)] +J—q" (33)

y=F-AF; 1>0 (34)

v=k,—AE; A>0 (35)

F=F —F, (36)

F=x,—x, 37

d=9-q4 (38)

where g, x4, F;, and their first and second derivatives are the
desired bounded values for g, x,, F,, and their respective deriva-
tives satisfying

FP = K(x§) — x) (39

G = GT > 0 is a constant matrix and A is a positive constant.
Introducing the control input in (31) through (37) into the
system (30) gives the following closed-loop error equation

Di + Cr + Gr=0. (40)

Therefore, r € L; N Ly, § € L, and 7 € L, which implies
that r = 0 and finally, F, K%, and J- g converge to zero as
t > wand F and K™% are in L, v

The proof is given in Appendix A.

Remark 2: Lemma 3 uses partitions of both the environment’s
stiffness and the manipulator’s Jacobian to achieve a desired
contact interaction force. In view of redundancies, there are
some components of x and ¢ denoted X™x and J™g, respec-
tively, which can be controlled independently of the interaction
force. This fact is exploited in the controller design presented in
Lemma 3. The next lemma states that the ideal control input
proposed in Lemma 1 can in fact be given as an expression that
is linear in the parameters. This property is essential to the
development of an adaptive control scheme in the next section.

Lemma 2: The ideal control input in Lemma 1, (31) can be
rewritten as

fori=0,1,2.

Tigent = 7. + Y(r,F,q,4)8 (41)

where § € %7 is a constant parameter vector and Y is a known

(n X p) matrix function of X, F, 4,4, Qu» da» Ga» Xa» %g» % Fuy

F,,, F,,, and r. v
The proof is outlined in Appendix D.

I'V. ADAPTIVE FORCE / POSITION CONTROL SCHEME

In this section, we present an adaptive force/position control
law for mechanical manipulators and study its convergence
properties.

The control law will only require measurement of g, g, and F
and will not require a priori knowledge of the inertial parame-
ters in D(q), C(q, ¢), and g.

The adaptive control law is obtained from (41) by replacing 6
by their estimates é, ie.,

T=1,+Y(r,F,q,§)0 (42)
which can also be rewritten as [see (41)]
T=1,+ Y+ Y9—-Y0=r14,+Y0 (43)
where
6=6-19 (44)

Introducing (43) in (30) and following a procedure similar to the
one used in the Proof of Lemma 1 we obtain

Di+Cr+Gr=Yb 45)

with » as in (33). We can now propose the following parameter
adaptation law:

6= -TYTr (46)
where T'=T7 >0 is a constant matrix. This adaptation law
together with (45) allows for global convergence of the algorithm
as stated in the following lemma.

Lemma 3: Consider (45) and (46) with r as in (33)~(39). Then
it follows that re L, N L, § €L, FE L, which implies that
r— 0 and ﬁnally F,K"% and J- 4 converge to zero as t = ®
andl"andearemL2 v

The proof is given in Appendix B.

Remark 3: The adaptive force/position control scheme pre-
sented in the previous section requires a priori knowledge of the
stiffness matrix K in (8).

When K is unknown, the main problem is to propose an
estimation algorithm that provides an estimate K such that: i)
the equation error F, — K(x, x,,) converges to zero and ii) the
estimate K converges to a constant full-rank matrix. If these two
conditions are verified, the stiffness matrix K can be replaced by
its estimate K in the adaptive scheme of the previous section.
Convergence of the equation error in the L, sense is a standard
property of either gradient or LS estimation algorithms. On the
other hand, the estimate K can be constrained to be full-rank
matrix by using the technique developed in [20].

Even though this seems to be a promising technique to cope
with the problem of an unknown stiffness matrix, a complete
stability analysis is not yet available.

Remark 4: Equations (3)-(6) and the decomposition in (24)
and (25) allow us to avoid any force derivative measurement.
However, this avoidance is obtained at the expense of some
complexity in the control law, which is of crucial importance in
view of a practical implementation.

V. CONCLUSIONS

This note has proposed an adaptive force/position control
scheme for robot manipulators. The hybrid force /position con-
troller is based on a particular decomposition of the robot
Jacobian and environment stiffness matrices. The approach is
applicable to general redundant robots working on a homoge-
neous environment. The control scheme does not require mea-
surement of the joint acceleration nor the force first derivative.

Global convergence results are obtained in the sense that all
signals remain bounded and the force and position tracking
errors converge to zero.
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APPENDIX A
Proof of Lemma 1: Introducing (31) in (30) one obtains
DI R[K* (F - o)+ K- (8 - )] + 773 + 2}
+ C{IRI[K(Fi— ) + K™ (i, - )]+ 3

+Gr=0. A1)




Taken now into account (32) and (33), (A.1) can be rewritten as  From (B.2) and since G = G7 > 0, it follows that r € L, and
Di+Cr+Gr=0. (A2) then V € L., which implies that r € L, and 8 € L. The rest of

Using the results in Appendix B for § = 0, we obtain r € L,
M L. We will next prove that this implies that 4§ is bounded.
Note that using (8), 7 in (33) can be rewritten as

the proof follows as in Appendix A.

APPENDIX C

Review of some results from L-theory are as follows:

r=J*R7'[K*(Ki, —v) + K (& - y)] +77§
=J*R7'[%, - K*v, — K v,] + J~§ [using (10)]
=J%% + J'R7[K*y — K™ u,] + 7§ [using (22)]
=JHg+J7g - TR K y + Ky, — R
— J74, [using (3)]

1) We say that r € L, if

£

frTrdt <o
0

re€ L, if r is bounded.
2) If r€ L, and # € L, then r — 0 [23, page 232},

=4 ~J*R'[K* v+ K v,) - J g, [using (9)]. (A3) 3) Let H(s) be an asymptotically stable strictly proper trans-

Due to physical limitations, (we consider revolute joints only)
x is bounded and therefore F [see (8)], v, and vy [see (34) and
(35)] are bounded too. Finally, it is clear from (A 3) that g € L,.
In view of P1) in Section II, D~'(q) is bounded, C(q,q) € L.,
and thus ¢ € L. This implies (see Appendix C) that r — 0 as
t — oo,

Note that KRJ is bounded and then KRJr € L, N L,,. There-
fore, multiplying (33) by KRJ and using (17)-(20) one obtains

i’f» ‘.’xv
clear that vy, v,, iy, and i, can be expressed as functions of ¢, 4,
and F. .

On the other hand, F, can be expressed as a function of ¢ and .

fer function. Then if Y(s) = H(s)U(s) and u(t) € L, N L., they
yt)eL,nL,, y(tyeL,NL,and y - 0[23, p. 59].

APPENDIX D

Proof of Lemma 2: Note that 7,4, in (31) is a function of

4, 4, ¥y, v,, 2, and r. Using (34)~(38), (5), and (3)-(7) it is

F-y—0 « g using (3)-(7). Finally, it is known [24], [25] that D(q), C(g; ¢),
and and g in (1) are linear with respect to the inertial [parameters

(F-v)eLinL.. o

Multiplying (33) by RJ and using (17) through (20) and (A.4) A,

muitiply known functions of ¢ and 4. In view of this

(A4) property and the fact that K is a constant matrix and

J,J~,J*, R and their derivatives are known functions of ¢,

one gets then 74, in (31) can be rewritten as in (41) where 6 contains

K=(%, - v) >0
and
K~(%-v) €L, N L, (A.5)
Then, from (33), (A4), (A.5) it follows {1
G0
and [2)
JjeL,nL,. (A.6)
Using (34) and (35) one obtains (3]
. d -
F-y= (E + A)F (AT 4
d Is]
K (%, —v)= (—— + /\)K (A.8)

From (A4) and (A.7), (A.5) and (AS8), and the results in  [6]
Appendix C we finally conclude that F e L,nL,F—0Fe
L,NL,K%€L,NL,K%->0,andK¥€L,NL,. v 7

APPENDIX B [8)

Proof of Lemma 3: Consider the positive definite function
91
[10]
[11]

V= %rTDr + %é’r* 9. (B.1)
Therefore
V=rTDi + 1/2r"Dr + 67019
=rT[Y8 - Cr — Gr] + 1/2¢"Dr (12}
— 8TY7r [using (44) (46)] [13}
= —rTGr (using property P3). (B.2)

the inertial and stiffness parameters and Y is a known matrix
function.

REFERENCES

J. J. Slotine and W. Li, “Adaptive manipulator control: A case

study,” IEEE Trans. Automat. Contr. vol. 33, no. 11, pp. 995-1003,

Nov. 1988,

N. Sadegh and R. Horowitz, “Stability analysis of adaptive con-

troller for robotic manipulators,” IEEE Int. Conf. Robot. Automat.,

Raleigh, NC, 1987.

R. Kelly and R, Carelll, “Unified approach to adaptive control of

robotic manipulators,” in Proc. 27th Conf. Decision Contr., Austin,

TX, 1988.

1. I Slotme and W. L:, “Composite adaptive control of robot
rs,” Automatica, vol. 25, no. 4, July 1989,

N. Sadegh and R. Horowuz, “Stability and robustness analysis of a

class of adaptive controllers for robotic manipulators,” Int. J.

Robot. Res., 1987.

I. D. Landau and R. Horowitz, “Synthesis of adaptive controllers

for robot manipulators using a passive feedback systems approach,”

Int. J. Adapt. Contr. Signal Proc., vol. 3, no. 1, 1989.

R. Ortega and M. W. Spong, “Adaptive motion control of rigid

robots: A tutorial,” Automatica, vol. 25, no. 6, 1989.

R. Lozano-Leal and C. Canudas de Witt, “Passivity based adaptive

control for mechanical manipulators using LS type estimation,”

IEEE Trans. Automat. Contr., 1989.

1. 1. Craig, Adaptrive Control of Mechanical Manipulators. New

York: Addison-Wesley, 1988.

H. Asada and J. J. Slotine, Robot Analysis and Control. New

York: Wiley, 1986.

D. E. Whitney, “Force feedback control of manipulator fine mo-

tions,” ASME Trans. J. Dynamic Syst., Meas. Contr., vol. 99, no. 2,

pp. 91-97, June 1977.

D. E. Whitney, “Historical perspective and state of the art in robot

force control,” Int. J. Robot. Res., vol. 6, pp. 3-14, 1987.

M. H. Raibert and J. J. Craig, “Hybrid position/force control of

manipulators,” ASME Trans. J. Syst., Meas. Conir., vol. 103, no. 2,

June 1981.




(14]

[15)

[16]

71

(18]

[19]
f20)

[21]
[22)

[23]
[24]

[25]

O. Khatib, “A unified approach for motion and force control of
robot manipulators: The operational space formulation,” IEEE J.
Robot. Automat., vol. RA-3, pp. 43-53, 1987.

T. Yoshikawa, “Dynamic hybrid position/force control of robot
manipulators—Description of hand constraints and caiculation of
joint driving force,” IEEE J. Robot. Automat., vol. RA-3, pp.
386-392, 1987.

N. Hogan, “Impedance control: An approach to manipulators,”
Parts I, II, ASME J. Dynamic Syst., Meas. Contr., vol. 107, Mar.
198s. .

R. Carelli, R. Kelly, and R. Ortega, “Adaptive force control of
single-link mechanical devices for robots,” in Proc. ACC’89, Pitts-
burgh, PA, 1989, pp. 10131018,

A. De Luca, C. Manes, and G. Ulivi, “Robust hybrid dynamic
control of robot arms,” in Proc. 28th Conf. Decision Contr.,
Tampa, FL, 1989, pp. 26-41.

M. W. Spong and M. Widyasagar, Robot Dynamics and Control.
New York: Wiley, 1988.

R. Lozano-Leal, “Robust adaptive regulation without persistent
excitation” IEEE Trans. Automat. Contr., vol. 34, no. 12, pp.
1260-1267, 1989. )

P. Lancaster and M. Tismenetsky, The Theory of Matrices. New
York: Academic, 1985.

R. Lozano, J. Collado, and S. Mondie, “Model reference rob
adaptive control without a priori knowledge of the high-frequel
gain,” IEEE Trans. Automat. Contr., Jan. 1990.

C. Desoer and M. Vidyasagar, Feedback Systems: Input-QOutput
Properties. New York: Academic, 1975.

C. H. An, C. G. Atkeson, and J. M. Hollerbach, “Estimation of
inertial parameters of rigid body links of manipulators,” in Proc.
IEEE Conf. Decision Contr., Ft. Lauderdale, FL, 1985.

P. Khosla and T. Kanade, “Parameter identification or robot
dynamics,” /EEE Conf. Decision Contr., Ft. Lauderdale, FL, 1985.

aka bt




