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A TASK SPACE DECOUPLING APPROACH TO HYBRID CONTROL OF MANIPULATORS

Alessandro De Luca, Costanzo Manes, Fernando Nicold

Dipartimento di Informatica e Sistemistica, Universith di Roma "La Sapienza”

Via Eudossiana 18, 00184, Roma, ltaly

Abslract. A schame lor dynamic hybrid control of robot manipulators is presented. The design is directly
achieved in task space coordinates. in this way, the inherent orthogonality between force and velocity
description of lasks is preserved and overspecification is avoided in the control synthesis. A nonlinear
decoupling and linearizing feedback law is obtained which yields invarlant control performances over time-
varying tasks. The eltect of a robustifying integral action is discussed. Simulation results are reporled for a two-

link arm.
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Introduction

In most robotic applications, &t is Important to deal with conlacts
between the robot end-elfector and the environment. In order to
keep the arising contact forces at a desired vaiue, either an
accurate position scheme is used or force sensor capability is
added o the robot. The first schemae requires exact knowledge
of an highly structured environment. The second allows more
adaptability to uncertainties.

Usually, the robotic task is divided into two phases: a gross
motion, In which only position control is applied, and a fine
quasi-static motion; where the major concern is force control.
However, certain tasks may ask for an accurate hybrid control
both in velocity and force afong a dynamic trajectory!.

Several approaches have been proposed for the hybrid control
of manipulators. Raibert and Craig (1981) introduced a scheme
which allows to control either the velocity or the force for each
direction axis, following the task description due to Mason
(1981). The basic idea of the controt scheme is 1o ignore
position errors along the force-confrolled axes and viceversa.
For sach axis, a conventional PD/PID force or position
controller is developed independently on the basis of the
refative error. This error is obtained through the use of
kinematic transtormations and selection matrices. Interaction
effects due to dynamic couplings give rise 1o disturbances In the
teedback loop so that this scheme is useful only at slow speed.
Khatib {1987) improved this approach by compensating the full
dynamic interactions, which are described diractly in the
cartesian space. Nonlinear control laws are used in order to
decouple and to make linear the behavior o!f the end-effector
ajong each axis of the associated frame. His implementation of
tha control law preserves the task compatibility description but
destroys the dynamic orthegonal properties belween force and
velpcily. Moreover, an overspecification of the number of
controilers leads to a coupled design. Yoshikawa {1987a,
1987b) takes into account the geometric curvature of the object
surface to be followed in order to improve the positional part of
the hybrid controller. The elasticity of the contact Is not included
in the control design and this is again a source of disturbance in
the closed-loop system.

1 in the following, by velocity It Is Intended sither a fnear or an angular one,
whila lorce will denote elther a Inear force or a torgue.

-

The idea of using dynamic models of the contact for control
purposes has been explored by Hogan {1985). In his schemas,
the robot end-eflector can be given a desired compliant
behavior depending on the environment stiffness and the
motion control specifications. This also gives rise lo Interesting
stability issues, as shown by An and Holierbach (1987) and
Eppinger and Seering {1987).

In this paper, an hybrid control scheme Is proposed directly in
the task space. The task frame associated with the geometry of
the enviranment at the contact point is generally time-varying.
With the chosen strategy, an eflective decoupling and
lingarization is obtained with invariant perlormances over the
whote task definition. Actual contact forces are Included in the
derivation of closed-loop controf strategies. A dynamic model of
the interaction between end-elffector and environment is
explicitly considered in the design of the lorce control loop.
End-effector accelerations that guarantee a desired behavior of
contact forces and velocitles are then computed via an inverse
dynamics approach at the task level.

Dynamic model of robot In contact

As usual, the dynamic model of a rigid robot arm can ba written
in the joint space as

BIG) § + n(q.q) =1+ J'(a) FL(q.9)

where q are the generalized coordinates of the system, B is the
positive definite Inertia matrix, n contains centrifugal, Coriolis,
gravitational lorces and viscous terms, v are the torques
supplied by the actuators, J Is the Jacobian of the robot direct
kinematics, r = kin{q), and F.* are the generalized forces acling
from the environment to the robot end-effector art parforming
work on r. in general, F.' Is a lunction of the robot state {q.q")
depending on the contact geametry, on the sensor stitfness and
on the friction and compfiant properties of the environment, and
which is zero for motion in free space. Its functional form may be
a very complex one; herg, it Is not assumed to be known sincs a
sensor wilt be availabla for the measure of the contact forces.

Itis uselul 10 introduce the dynamic model of the arm in terms of
position and orientation of the end effector, as in (Khatib, 1987):

B, (0T + n (tH =F +F (1)
1 Is expressed in an inertial frame 9S assoclaled with the base

s



of the robot and can be taken as a sel of new generalized
coordinates in the non-redundant and nonsingular case.
Moreover, T = JT{r) F'. Note that a minimal representation of the
end-effector orientation should be used, e.g. any set of Euler
angles. In the right hand side of the above equation, the
generalized lorces have {o be defined accordingly.

When the problem Involves changes in orientation and s not
restricted to a plane, somé caution Is needed In the

transformation of rotational quantities. Usuatly, the rotational
part of a task Is described in terms of the angular velocities o,

Wy, 3y, and of the torques around the same axes (Mason, 1981).
Denoting by v the vector of linear and angular velocities, the
following relation holds

vaTiR T

with T{r) Inveriible, axcept for Isolated points. Separaling the
linear from the angular components, this matrix takes on the

form
i 0
=14 T\

Let F be the vector of forces and moments acting on the
infinltesimal linear and angular displacements defined along
the axes of °S. Then F' and F are related by

FaTinF
The robot dynamie model can be rewritten as

B, (N7 + n (A =T {F+F (rh)]

where the contact forces F, appear in thelr natural system of
measure.

As far as the robot interaction with the environment is

concerned, the following modeling assumptions are made:

1. the contact between the and-effector and the environment is
point-wise and elastic, and this elasticlly can be modeled by a
single constant cosfficient;

2. a tew geometric paramaeters of the arviroment are known,

The incluston of slasticity at the point of contact avoids some
instabilities intrinsic to a perfeclly rigid schematization. In the
Appendix, it is dascribed how chattering may occurr for an end-
effector in rigid contact with the environment. Note that the first
assumplion models seither a rigid environment with a soft
sansor, or a soft environment with a rigld sensor, or the case of
sensor and environment with similar elasticity constanis but
whan the mass beyond the point of force measure is negligible.
The mechanical behavior of the contact is sketched in Figure 1,
The second assumption is used in the derivation of the control
law and will be clarified later on. Typically, knowledge of the
local normal to the environment at the contact point is a
suificient information.

. .. Figure 1 - Models of elasticity at the contact point

Task space description for hybrid control

The control objective Is to drive & robot manipulator along a
given end-effector Irajectory ry(t), defined on the environment

surface, while a contact force Is being exerted according to a
desired time evolttion Fg{t). The hybrid controt techniqus allows
to obtain this goal, even in the presence ol unavoidable
mismatching between the real and the modeled world.

The prescribed motion should be compatible with the
constraints imposed by the anvironment; the concept of C-
surfaces (Mason, 1981) is useful for checking this consistency.
In the general case, a six-dimensional task frame 'S is
associated to the contact point. The orientation of the axes of 'S
Is time-varying and is such that, at all instants, m scalar forces
and 5-m velocities can be specified, one along each of the
axes.

The position ry of the desired contact poin! is always expressed
in °S, Instead, the desired force F, and velocity vy, both given in
93, can be exprassed directly in the task frame IS as 'Fy and 'vy.
Linear velocity and force are transformed from the inertial frame
95 inta 'S by means of a 3x3 rotatlon matrix Rg(r); similarly,
angular velocity and torque are transformed by Ra(r). A 626
matrix R{r) will be defined as

RN o
=l s R
with R-\(r) = BT(r}.

For hybrid control, a 6x8 diagonal selection matrix T with O/t
alements Is used to specily the axes of the task frame which
have to be controlled in force. Indeed, E* = | - X selacts the
remaining axes. Usually, hybrid control schemes (Raibert and
Craig, 1981, Asada and Slotine, 1988, Khatib and Burdick,
1986, Whitney, 1987} define force, position and velocity errors
used in tha contralier as
Fe=0{F,-F)
where

2

re= it o) Ve =M (v, - Y)

=R IRD 0 = R (1) 22 R

are matrices which map vectors from 95 in 'S, filter out soms
components and teansform the resulting vector back into 98,
Using these srror signals, various controllers can be designed,
with or without compensation of the dynamic terms, either at the
cartesian or at the joint level. At least six controllers are
designed in this way, for each ol the two main loops on the
force error vector Fg and on the position errar vector rg {or
velocity efror ve). Two criicisms loliow naturally:

a. the underlying idea of decoupling between force and position
control is lost if the control action Is nol achieved in the space
where these quantities are orthogonal, i.e. in the fask spacs;

b. sven if the performance of each controlier is chosen such as
not to vary over time in the cartesian space 95 {e.g. by using
constant controller gains), the weighting of errors In the task
space varigs with the oriantations of the task frame.

As a consequence, Integral terms added in the controller could
loose their meaning when a significative change of orientation
oceurs. Congider for instance a planar situation, in which the
velotity-controlled axis of 'S is aligned for a certain time interval
with the x axis of 95, while the y force-controlled axis is aligned
with y. Suppose that the end-effector has accumulated a
relevant integral error term along the x axis, while the force
controller is working properly so that a constantly zero error
results on the y axis. At a given instant the surface curvature
leads to a change of orlentation of the task frame, so that the
velocity-conirolled axis 'x becomes aligned with the y axis of 98,
As a resuilt, the integral of the velogity-error computed on the x
axis will start acting along the force-controlled axis of the task
frame, while no integral term will correct the error accumulated
on the velocity-controlled axis.
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The above considerations clearly suggest that the correct
control action should be computed in the task frame. With this
choice, one single controlier can be designed for each axis of
18, with invarkant dynamic behavior. In order to develop such a
controller, the task description will be formulated in terms of a
desired position ry(t). expressed in 95, and desired velocity
twyt) and force F4lt), both vectors being expressed in 'S. Thus,
force, position and velocily emors will be defined as!

t t
Fo = Fy-LR(OF,

|rE = EARIN TN {ry- 1)

v = v, IR0 T

This approach allows the construction of scalar controllers in a
non-redundant way, once a preliminary nonlinear control faw
has decoupled and lingarized the system. Figure 2 shows the
block diagram of the proposed task-based hybrid controf in
comparison with the conventional one {Asada and Siotine,
19886, Khatib, 1987). A similar strategy was used also by West
and Asada (1985) but following a purely kinematic approach
and thus not obtaining the dynamic decoupling properties.
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(b} Task-based decoupling

Figure 2 - Cémparison between hybrid control schemes

Note aiso that there are two ways of computing the rotation

matrix R which is used for the transformation between 95 and
1S, As sketched in Figure 3, this matrix can be evaiuated at the

actual contact point, as R = R{r), or at the desired one, as R =
R{rg). The choice R(r} i5 the correct one and is used in the
above derivation of the errors. However, this choice is
expensive in terms of on-line calculations of the controlier; at
each sampling time, the matrix R has to be computed using the
model of the environmeni and a measure of the carlesian
positton r. If R(f4} is adopled, this calculation is moved to the off-
fine trajectory planner. Similar comments apply for matrix T{r).

54,3

Figure 3 - Comparison between task frame delinitions

Contrel design In the task space
Naonlinear decoupling
In order to design independent force and velocity controllers,
one for pach axis of the task space, the nonlinear dynamic
Interactions arising from robot motion should be compensated

first. The dynamic model of the robot In conlact with the
environment can be solved lor the accelerations as

Fe-B (N [0 - T F, 0]+ BT M F

The feedback force F which gives exact linearization and
decoupling can be obtained by applying the standard control
results existing for general nonlinear systems (isidort, 1985).
Usually, the system dynamics is expressed in a state-space
format with an associated output vector function which defines
the variables to be set under control.

For hybrid control of robot velocity and applied force, it would
be straightforward to define the output y of interest as the
selected components of velocity ¥ and force F, in the task frame

u{(r) v
y= T .
uN}{r} Fc(r,r)

where uy, are unil vectors relative to the velocity-controlled
axes, lor i=1,...,6-m, and uy, ase those relative to the force-
conirelled axes, for j=6-m,...,62. However, this approach has
some limitations. In fact, the algorithm that gives the control F
which achieves linearization and input-output decoupling in the
clsed-loop requires to take derivatives of the output function y,
untit the input F appears explicitly. Thus, with the above choice
of outputs, F, has to be kriown as an analytic function of (rr".
Uncertainties intrinsic to the modeling of this lerm resull in a
poor strategy from the robusiriess point of view.

instead, the following cutput function is taken:

y=R(n T
or y ='v, the six velocilies expressed In the task frame. Note
that, due to the elasticity included at contact point. velocity
vectors pointing into the object surface are feasible. it will be
shown nex! how this choice atiows to control not only velocity
but also force. Let a be a desired task acceleration, i.e. we
would ke to have %' = a. Since

y= RN T+ [REH T+ ROTEH1F

Z ater recrdaring, these vectors are simply the columns of R¥{r). Note that
the first or the last Three componans of uy and of Uy are always 2ev0.
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substituting from the dynamic model for the acceleration r”,
using the desired task accelaration, and so!vlng for F gives

FuB,00R (0 {a-RT+RTILH F1+ T (00, (1.0 - F (1)

= F*(r,f.a)
where
B, =T"m8,01"0
The resulting input-output refation in the closed-loop system Is
y-4a
These are six independent Integrators; a linear and decoupled
behavior is then displayed in the task space. Notg that the
measured F_ is directly used In F*. To implement this control
law, some knowledge of the environment geometry shouid be
given to the system. In particular, the gradients of the C-
surfaces are needed in R(r}, while curvature intormation Is
required for R'(r.r’). If not krown a priort, the tangent space may
alse be identified on-line in a efficient way (Manes, 1987).
Second order terms becomes relevant for surfaces whose
curvature is high with respect to the speed of motion. When this
information is nol available, disturbances will arise due to
kinematic couplings so that further control action Is needed.
Addition of integral terms in the control may serve to this
purpose.

Velocity control loop
Let o denote any of the 6-m velocity-controlled axes in the task
frame. To assign a desired dynamic behavior to

a=2a
o
& PI scheme on the velocity error can be used
8, g+ ko, (g i) e K, [ (6,-6)
where an additional feediorward acceleration lerm is present.
Note that this scheme does not use any measure of the
absolute position error. As follows from the previous discussion,
using the Integral of the task valocity error is more meaningful
than resolving in the task space the position error computed in

95 (see Figure 3). The latter may be a sufficient approximation
as far as this error is smal encugh.

Force control logp

Similarly, a scalar loop can be deslgned for each of the m force-
controlled axes in the task space. Let B denote any of these
axes. The impedance control idea introduced by Hogan {1985)
is usefully applied also to force control. The behavior along B is
chosen so to match with a second-order reference model

myp+d,B+ ky(B-B)=-Fy |
where - k, (B - B, } = Fp, is the contact force in the direction B, ke

Is the elaslicity coefficiant of the contact, B, is the zero reference
for the equivalent spring and Fg 4 is the desired force atong §.
The positive adopted direction goes from the object surface o

the robotl. The robot end-effector acceleration along the force-
controlled B axis is then chosen as

- 1 .
B (Fpg P+ d, Bl

ﬁrom assumption 2 of the previous saction, k, is specified lro'm
the sansor/environment characteristics. Under the hypothesls of

lingar elasticity, the natural Irequency and the damping of the

system

kl c dv
mn = —_— -
" my 2 ;k. m,
may be selected by modilylng my and d,. In order to obtain

enough damping for difterent values of the contact stiffness, d,
will be chosen according to the highest k,,

Stk

Resulting controliar

Tha vartous operations to be performed for Implementing the
task space decoupling controlier are summarized here. Starting
from measures of position q and velocity q° at the joints,
comptite

£ = kin(q) =) va=TRr
F_is directly obtained from the forceftorque sensor measures,
Errors in the task frame are then evaluated as previously shown
and used In the scalar force and velocity loops to compute the
desired accelerations which have to be Imposed. These can be
rewritten in vector form as:

8, =y + kP, 've K, [ 'vels) s

8. =-M; [Fg+ D, 2]
The matrices KP,, Kl,, My, and D, are diagonal and positive

definite. Note that m entries in a, and the complementary 6-m
entries in ag are zero. These two vectors are merged in

8:«8“4'&5

which s the acceleration used into the nonlinear decoupling
control F*{r.r',a). The overall feadback from the measured F s

(B, R (M, LR -1]-F,

Whenever the second order information on the oblect surface
(l.e. A’} is missing in F*, an Integral term can be added In a,
and in a. The benelits of this admissible modification wilt be
gvaluated by simulation. Moreover, one can rawrite the velocity
loop using the position errers 're as an approximation. This
leads to:

1 t ) t
8, ="+ P, g 1 KB, 'rg v mpj rels) ds
C g M (Fee 024K [Feis)ds

Simuiation results

The proposed hybrid control strategy has been simulated on a
SCARA-lype {Le. without gravity terms} two-link robot arm. A
two-dimensional force sensor I located at the tip and is
modeled by a damped spring-mass system. Several simulation
runs have been performed for tasks requiring to slide on finear
or curved surfaces, at varlous speeds, and using sensors of
different stiffness (Manes, 1987), Sampling times have to be
chosen with reference to this stiffness, to the mass of the robot,
and the apparent mass My assignaed in the force control loop.

The simulations reported here refer to a task which asks to
follow for 2 seconds a circle of radius p = .2 m, at a given speed
while applying a constant normal force. In Figure 4 all the
relevant quantities are defined. A Coulomb friction term of the
torm Fpiey = - ¥ [Frgrml affects the motion on the surface and
results in a coupling between normal and tangential forces. At
0.4 sec, the desired normal force undergoes a step change
from 10 1o 20 N, while the deslred velocity changes from 0.3 1o
0.6 m/sec at the trajectory midpoint.

The given method is compared with the one of Khatib {(1987).
For tairness, no information on the surface curvature is given to
the controllers. in particular, this means that R'{r.1r') is set to zero
in the expression of F*{r.r",a). An integral term was added to
both control schemes. Note also that here T(r) = |, since the
maotien is a planar ons.

Figures 5 and & show the behavior of velocity and force using
Khatib's method. Figures 7 and 8 are relative to the proposed
task-based decoupling controlier. The control sampling time is
10 msec while the chosen linear controtlers are a PIZ op
velocily arror and a PID on torce error, with gains

2
KP, =40 Ki, = 200 KI, = 1000

o Al iR e

R T T - Y




B

s

£

-

2

KPp =2 Kle=25 KD =90

A remarkable improvement is noticed with the task-based
hybrid controller. Both the overshooting and the sensitivity to
orthogona!l disturbances are reduced, particularly at high
speed. Here, the different behavior is dus o the way the contact
force signal is used. The presenl scheme yields decoupling
based on the actual conlact force, while Khatib's one uses
instead only a normal lorce feediorward term.

These results were obtained in the presence of a 10% error In
the inertial parameters of the arm. Moreover, the joint viscous
frictfon which is present in the dynamic model is compensated
only in part by the controlier.

1t should be noted that the integral term is not needed when the
curvature Is zero. Howaver, i this term s not included In the
considered case, a steady state error results in the force control
loop. This is due to the missing centripetal acceleration that the
position control loop s nol able to supply in the time-varying
normal direction. In faci, if the tip has a constant tangential
speed o, a normal acceleralion B" = - a™2/p resuits. This wili ba
provided by the force loop as F. = Fy - mga'2/p = Fy. Indeed, i
the curvature information R'{(r.r’} is provided to the task-based
hybrid controfler ne such steady state error would result, even
without the integral action.
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Figure 5 - Tangential velocity using Khatib's method
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Inttizl configuration q = 50° g o= - 88°

Sensor stiffness Ky = 1000 N'm  Sensor damping D, = 7 N.sec/m
Sensor mass ‘m, = 0.025Kg  Links L;=045m Lp=032m
Joint viscosity Vy = 1.3 Nmeecrad V, = 0.2 Nm.seciad

Mass and center of gravity of link 2 My = 35Kg dy =0.15m
Links inertia | 1= 0.25 l(g.m2 1 ' 0.16 Kg.m 2

Friction coefficient Y =02

Figure 4 - Simutation layout
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Conclusions

Task-based controf Is the most naural approach to hybrid force-
velocity controt for robot manipulators in contact with the
environment. Defining both tha control objective and the
relative control action in terms of task coordinates leads to a
decoupled and non-redundant design. In this way, the control
performance may be Improved by a proper use of force and
vefocity errors. It was shown that the addition of an integral term
in the task-based scheme enables lo overcome lacking
knowledge of the gaometric properties of the anvironment.

Inclusion of a single dominating efasticity at the point of contact
avoids instabRity problems and unrealistic situations. Moreover,
using the dynamic model of the robot in conlact with the
environment allows to obtain noninteraction based on the
measure of the actual contact forces. Thus, some robustness is
achieved with respect to some unmodeled terms ke Coulomb
friction. This was confirmed by the numerical simulations.
However, since part of the nonlinear controller is essentially
model-based, the robusiness with respect to large uncertainties
in robot parameters may still be a critical Issue.

The proposed control scheme is also a feasible one for doing
on-line identification of the object surface orlentation. This topic
is currently under Investigation.
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Consider a pianar robot in contact with a perfectly rigid planar
surface and applying a constant farce. For simplicity, the
surfaca is assumed 1o be frictionless so that it can provide only
a normal reaction lorce which counterbalances the normal
component of any force applied by the end-effector, Assume
also that no gravily is presant and that the robot, inlttally at rest,
is required to start moving along the surface. lts dynamic model
is then

BNT=F+F=F,

where F, is the total lorce applied at the end-effector. This

force is indeed tangent to the surlace. The scalar product of
vactor Fy, with the resulting acceleration t* yields

FFy= T'BNT20
so that these two vectors form an angle which is always lass
than n/2. Moreover, 1" and i, will have different directions
since in genaral By(r) = ). Hence, the acceleration vector will
point either inside the surface, producing an inconsistent
behavior, or outside, so that the robot leaves the surface. As
soon as this happens, the absence of the surface reaction gives
a net force which brings back the end-effector to the surface. A
chattering behavior results, due to the ideal rigidity assumption.

Bt






