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Abstract

The aim of this paper is to investigate the perfor-
mance of a control strategy for cooperative manipu-
lators holding an object. The cooperation problem is
solved by adopting a symmetric object task space de-
scription. An impedance behavior is assigned to con-
trolled variables, resulting in a computationally sim-
ple control that does not require force sensor measure-
ments. Simulation of the whole controlled system is
performed using the LEGO modular simulation pack-
age which permits modeling the system as an intercon-
nection of subsystemu described by simple equations.
Results of two typical case studies are presented.

Introduction
Cooperative manipulators have gained increasing
popularity in the robotics research community, due to
the potential they offer over conventional single arms.
Manipulation tasks that require the use of multiple
arms range from handling heavy or non-rigid objects
to mating mechanical parts or operating in unstruc-
tured environments. The problem of controlling such
systems is challenging because of internal forces aris-
ing in the closed-kinematic chain created by the arms
and the manipulated object. To tackle this problem,
control schemes have been proposed that attempt to
control the position of the object as well as the in-
ternal forces acting on it; typical examples are the
master/slave strategy [1,2J and controllers based on
an object task space description of the grasp 13,4]. All
these methods require the use of force sensors located
on the arms to be embedded in the control scheme,
but this could constitute a drawback im industrial en-
vironments.
In this paper a control scheme that does not require
information from force sensors is presented. Based on
a symmetric description of the task that decouples
the absolute coordinates describing the object posi-
tion from the relative coordinates characterizing the
interaction between the arms [5], an impedance-like
control law is derived 161. In particular, high stiffness
is assigned to the positioning part of the task, whilst

compliant behavior is prescribed for holding the ob-
ject.
In order to simulate a controlled multi-arm system,
two alternatives are possible: In one approach, the
explicit dynamic equations describing the system are
to be solved al together, but they are usually diffi-
cult to manage since multiple mechanical parts inter-
act in a complex way. Another approach is based on
defining modules describing simple dynamic systems
and then giving connection rules between them. To
achieve this goal, the simulation tool must be able
to solve algebraic loops occurring when a variable is
exchanged between modules with no dynamics.
We have followed the latter approach to test the pro-
posed control scheme. The LEGO simulation package
developed by the National Electric Power Company
(ENEL) was used [71; among its features is the ca-
pability of handling stiff dynamc equations and au-
tomatically solving algebraic loops. The results ob-
taained for two planar arms manipulating an object
show the effectiveness of the chosen control strategy.

Modeling and Control of a
Cooperative Manipulator System
In order to model a system composed of multiple arms
manipulating a common object, it is necessary to have
a model of each element of the system and a descrip-
tion of the interaction between the arms and the ob-
ject. Then, there exist several strategies to effectively
control the cooperative system according to the cho-
sen task description.
For the purpose of the present work, we focus our
attention to the case of a two-arm planar system, al-
though the results can be extended to more complex
systems. With reference to Fig. I, let define the fol-
lowing quantities for each arm (j = 1, 2):
qi (ni x 1) vector of joint variables,
By (n6 x ny) inertia matrix,
n; (n1 x 1) vector of Coriolis and centrifugal forces,

Di (nj x nf) diagonal matrix of viscous friction con-
stant coefficients,
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gj (n6 x 1) vector of gravitational forces,
r6 (ni x 1) vector of joint driving torques,
J, (3 x nj) Jacobian matrix,
hi (3 x 1) vector of contact forces exerted by the

end-effector at the contact point,

Xi (3 x 1) vector of end-effector location.

Notice that in the planar case hj = (4 mf)T,
where f4 is the (2 x 1) force vector and mj is the scalar
moment. Analogously, x3 = (pi Spy T, where p6 is
the (2 x 1) position vector and pj is the scalar onen-
tation. The task space quantities are intended to be
expressed in a common reference frame.
FoHowing the above notation, the dynamic model for
each arm can be written in the well-known form

Bi(qf%l + ni(qj,Xqj) + D,4j + gi(qj)
=r -Jf(qJh()hi

We assume that the two arms hold a purely elastic
object. The interaction between the arms and the
object can be described by the simple linear model

acting on the object, the relationship between contact
and object forces is given by

ho = W h) = (I ')(h
where W is the (3 x 6) grasp matrix, and I denotes
the (3 x 3) identity matrix.
For given object forces, equation (3) can be inverted
by using a (weighted) pseudo-inverse of W. Fur-
ther, observing that matrix W possesses a three-
dimensional null space, a solution to (3) is given by
-the minimum norm pseudoinverse is adopted for
w-

(4)
(hi )= Wt(h + Vh,(

I) ho + (I) hsi
where V is a (6 x 3) matrix spanning the null space
of W, and hj is a (3 x 1) vector of internal forces.
Equation (4) can be compressed into

h =-h2 = Ko(x-(x2(q2)-xl(ql))) (hi =- (tho(2)

where K, is the (3 x 3) diagonal matrix of object
constant spring coefficients, and * is a (3 x 1) vector
characterizing the object at rest; thus, contact forces
arise only from object deformation.
The above equations (1-2) provide a functional model
of the physical system considered. In order to devise a
control strategy for the two-arm system, a description
of the cooperative task is needed. Among the differ-
ent techniques proposed in the literature, we adopt
the symmetric description in [5].
Let us choose a coordinate frame located on the ob-
ject and consider the virtual sticks pointing from the
two contact points to the origin of the object frame
(Fig. 1). We suppose that the grasp is tight, and
each stick is assumed to be rigidly attached to the
end-effector of the ann. Let then xi, denote the lo-
cation of the stick tip expressed in the base frame;
this can be computed as a function of the joint vari-
ables and the given grasp geometry (stick length and
angle formed by the stick with the last link). As a
consequence, a modified stick Jacobian J,. is to be
derived. Accordingly, we have to consider the force
at the stick tip hIt6 as the contact force.
The use of virtual sticks allows a simple description
of force and moment composition. It is supposed that
the deformation due to object elasticity is small, so
that the locations of the two stick tips can be taken
as both coincident with the origin of the object frame.
If ho0 denotes the (3 x 1) vector of equivalent forces

(5)

with U = ( wt v).
On the basis of the above formulation, we can de-
velop a scheme to control both object and internal
forces. Our goal is to design a controller that allows
the execution of a task specified in terms of absolute
object location and relative location of the sticks. The
first design requirement is to avoid measurements of
contact forces; force sensors must be frequently re-
tuned, suffer from low signal-to-noise ratios, require
significant preprocessing of the raw output data, and
then their use in industrial environments may be not
desirable. The second design requirement is to ob-
tain a computationally cheap control law; this rules
out the use of full nonlinear compensation and dy-
namic decoupling schemes, e.g. 14,8,91. Nevertheless,
we do compensate for gravitational forces since this
yields a significant improvement on the steady-state
performance of the system at low computational ex-
pense 1101. The first requirement is met by resorting
to the impedance control concept [6]. Specifically,
let x, denote the location of the origin of the ob-
ject frame; the kinematic constraint imposed by the
closed-chain of the arms and object gives Xi, = X2s,
and then x0 can be computed either as xl or as X2JO
Further, let xi denote the relative location between
the tips of the two sticks, i.e. xi = x2,- xl,. The
following PD control laws are designed:

hoD= Kpo(Io-xo) + KDo(to-x*)
hi = Kp (t -x) + KD (kI-*i)

(6)
(7)
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where 2, and 2x denote reference values for x, and
xi, respectively.
Once ho, and hs have been synthesized, the second
design requirement is met by computing the control
torques at each arm as

7r1 {JTl1%) O A hls + gl(ql)
f2J j2TJT2)} Vh2 92(t2)}

(8)
where 0 denotes a (3 x 3) matrix of null elements and
(hhTa 4s )T is given in (5).
Notice that the same impedance concept was used
in [111] at the object level, but fuUl dynamic compensa-
tion was performed on the basis of contact force meia-
sires and feedforward specification of interal forces
was input.

Simulation Environment
The model of a controlled cooperative manipulator
system is usually difficult to arrange in a set of ex-
plicit differential equations that allows simulation of
the overall system using standard numerical packages.
In fact, the equations are difficult to manage since
multiple mechanical parts interact in a complex way.
A viable approach is to describe each mechanical part
as a separate subsystem and leave the simulation tool
the task of solving the interaction between subsys-
tems. This has the advantage of writing modules
constituted of few simple algebraic and/or differential
equations describing the individual subsystems. Fur-
ther, the number of needed different modules is lim-
ited because typical large-scale systems can be easily
decomposed in small-scale systems of relatively few
types. This is just the case of robotics; even a sin-
gle manipulator is naturally modeled as a kinematic
chain of links.
We have adopted LEGO which is a modular sim-
ulation package developed at the Automation and
Computing Research Center of the National Electric
Power Company (ENEL-CRA) 17]. A LEGO module
essentially consists of a system of nonlinear algebraic
and differential equations of the form

s = f(s,y,u, a)
o = g(z,y,u,a) (9)

where u is the vector of input variables, s is the vector
of state variables, y is the vector of output variables,
and a is a vector of physical parameters (design data).
LEGO's numerical features are:
- discretization of differential equations according

to the trapezoidal rule and simultaneous resolu-
tion of both discretized and algebraic equations
with the Newton-Raphson iterative method,

- use of sparse matrix techniques,

- steady-state computation which allows the selec-
tion of the unknowns among the input/output
variables and uncertain parameters; obviously,
the number of unknowns must be equal to the
number of equations,

- inherent resolution of impikit equations.
Previow work on extensive use of LEGO in modeling
and simulation of an industrial robot can be found
in [tii.
To simulate the system described by eqs. (1,2) -two
arms and object- and eqs. (5-8) -controller- in
LEGO, we have identified the following three elemen-
tary modules for the cooperative system.

LINK module
It is well-known that the most efficient method to
compute the dynamic equations of a robotic manip-
ulator is based on the Newton-Euler recursive algo-
rithm [121. The LINK module is naturally devised on
the basis of Newton-Euler equations; in fact, forward
recursion of velocities *k and accelerations * is per-
formed through the open kinematic chain from the
base link to the end effector, while a backward recur-
sion propagates forces hk from the end effector to the
base link; also, the module performs forward propa-
gation of link positions xt to allow the computation
of elastic contact forces at the end effector. From the
schematic representation of the module for link k of
arm j in Fig. 2, it can be observed that the actua-
tion input to the module is the joint driving torque
r42 while the observed outputs are the joint variablesI
q and velocities 4k. Finally, the module is provided
with the link's kinematic and dynamic parameters.
OBJECT module
The OBJECT module is devised to implement the
elastic model of the object described by eq. (2). As
shown in Fig. 2, the inputs to the module are the
end-effector locations xi and x2 while the outputs
are the elastic forces hb and h2 arising from object
deformation. The module parameters are K0 and i.
CONTROLLER module
The CONTROLLER module is devised to implement
the control laws designed as in eqs. (5-8). Its inputs
are the joint variables ql, q2 and velocities 41, 42; its
outputs are the joint torques r1, r2 (Fig. 2). Further
inputs are the reference values 2O, 2,, xi, 2t that are
chosen according to the specified task. The feedback
gain matrices Kp,O KD,, and Kpi, KDi are param-
eters for the module, together with the parameters
characterizing the geometry of the arms and grasp.

Case Studies
We have tested the proposed control strategy for
a cooperative system of two equal three-degree-of-
freedom planar arms holding a disk-shaped object.
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Therefore, three LINK modules are required for each
arm. The simulation layout which illustrates the in-
terconnection of modules is sketched in Fig. 3. Notice
that the location of the base of each arm must be in-
put to the respective first LINK module.
Link parameters in SI units are reported in the table
below where 4 is the link length, 4t is the distance
of the link center of mass from the joint axis, mA, is
the link mass, Ik is the link inertia, and 4 is the joint
viscous friction coefficient.

Lk r> Mk ik t

1 0.4 0.2 15 0.228 1.5
2 0.3 0.15 10 0.080 1.5
3 0.2 0.1 5 0.019 1.5

We locate a reference frame at the base of the first
ann and an object frame with its z-axis oriented along
t-he line connecting the two contact points. The base
of the second arm is located at a distance of 1.4 from
the reference frame along the x-axis.
The object spring matrix is K0 = 1o4I and the vec-
tor characterizing the object at rest is (0.2 0 rJT
expressed in the object frame; then, a proper coor-
dinate tranformation is accomplished to obtain x as
used in (2).
The assigned grasp is such that the last link of each
arm is aligned with the z-axis of the object frame;
then, the location of the stick tips can be com-
puted, as needed in (7,8). The controller PD actions
have been tuned to KpO = diag(5000,5000,500),
KDo = diag(700,700,70), Kpi = 0, KDi =

diag(700, 700, 70). We have chosen Kpi = 0 because
we want to hold the object without deforming it in
regard to its rest state.
In the first case study, the initial configuration
of the system is q1 = (0 4r/2 -1/2)T, q2 =
(r -4r/2 ir/2 )T, giving x, = ( 0.7 0.3 0)T.
The task is to reach the object location x, =
(0.6 0.2 O)T. The results show that the target
location is reached satisfactorily (Figs. 4,5) with low
values of iMternal forces (Figs. 6,7).
The second case study is aimed at analyzing the
tracking performance of the proposed control scheme.
The system is in the same initial configuration as
above, and the task trajectory is specified as

0.7 + 0.05 cos(2wrt)
0.3 + 0.05 sin(2 rt)

0
0 < t < 3.

The results reveal that appreciable tracking errors oc-
cur (Figs. 8,9); this is not surprising since the con-
troller based on the simple laws (8) does not real-
ize full dynamic compensation; however, it can be
recognized that internal force effects are contained
(Figs. 10,11).

Conclusions
A control strategy has been developed for coopera-
tive manipulators holding an elastic object. The con-
troiler is designed in two stages: First, impedance-
like behavior is prescribed for both external and in-
ternal object forces, remarkably avoiding force sensor
measurements. Then, static force distribution with
simple gravity compensation is performed to compute
joint torques. The resulting control algorithm is com-
putationally inexpensive and has been tested using a
modular simulation package.
Two major conclusions can be drawn:
* The simulation of a complex dynamic system,

such as a controlled cooperative arm system, is
eased by decomposition into simple subsystems
to be handled by a modular simulation package.

* The performance of the system under the pro-
posed controller is rewarding when the task re-
quirements are not demanding from a dynamic
viewpoint; this is the case, for instance, of rou-
tine industrial manipulation tasks of the pick-
and-place type.
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Fig. 3 Simulation layout for a controlled system of two 3-DOF arms holding a common object
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