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Abstract

In this paper we address the problem of controlling multiple robots manipulating
a rigid object cooperatively when the robots and load parameters are uncertain. We
propose a controller that takes into account the dynamics of both the load and the
manipulators. The linearity of the dynamics of the robots and the load, with respect
to the unknown parameters, is exploited during the derivation of the parameter adap-
tation scheme. In order to design a control and update laws that do not require the
measurements of the of the joint accelerations or the load acceleration, the dynamics
of both the robots and the load are filtered through a stable first order filter. Then two
prediction error vectors are defined as the difference between the measured filtered
dynamics and the predicted filtered dynamics of both the robots and the load. The
least-squares estimation method is used to estimate the parameters of the multi-robot
system from the prediction errors. We then develop a controller that is based on the
cancellation of the nonlinearities. The proposed controller guarantees global asymp-
totic tracking of the robot and load trajectories and also guarantees the asymptotic
tracking of the internal forces trajectories.

1. Introduction

Recently considerable amount of research has focused on the problem of
cooperative control and coordination of multiple robots. Interest in multi-robot sys-
tems has arisen because several tasks require the use of two or more robots. Examples
of such tasks include the joining and securing of large pipes for the construction of
space structures, picking up and carrying heavy loads, and grasping odd shaped loads.
Cooperative robots may be used in hazardous or unsafe environments such as in
space, in deep waters and in radioactive environments. By using more than one robot
the manipulation capability and the workspace of the system are further increased.
However the multi-robot systems are more difficult to control than single robots.
Additional problems arise as the parameters of the robots and the manipulated load

- may not be known exactly.

It is important to review some major developments in the single robot adaptive
control literature because of their relevance to the multiple robots case.

Ortega and Spong [10] presented a summary of several recent papers on adap-
tive control for rigid robots. Craig et. al. [4] proposed an adaptive control law which
is basically a modification of the a computed torque control scheme. Slotine and Li
[14] exploited the structural properties of the rigid manipulator dynamics to design an
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adaptive controller capable of general trajectory tracking control. They tested their
design on a two degree of freedom semi-direct drive robot. They experimentally
showed that the parameters of the robot which were assumed to be unknown initially
can be estimated within a very short time. They also showed that their controller has
the same level of robustness to unmodeled dynamics as the PD controlled system.
Better tracking performance than the PD or the computed torque schemes were also
obtained.

Bayard and Wen [2] introduced a class of asymptotically stable adaptive control
laws for robotic manipulators. In their analysis they used a parameterization of the
dynamics of the robot which is based on physical quantities. They also used the pro-
perty that the dynamics are linear with respect to the unknown parameters of the

~manipulator. They proposed an energy like Lyapunov function that retains the non-
linear character and structure of the dynamics. The authors proved that their approach
leads to asymptotically stable adaptive systems. Their approach does not require the
convergence of the parameter estimates, invertibility of the mass matrix estimate or
the measurement of joint accelerations.

Seraji [13] proposed a decentralized adaptive control algorithm for robot mani-
pulators. His controller is based on independent joint control. A PID controller and
position velocity acceleration feedforward controller both with adjustable gains are
used to control each joint independently. Sadegh and Horowitz [12] presented a con-
trol scheme that uses the desired trajectory outputs to update the parameters and the
controller. They also address the robustness properties of the proposed scheme.
Middleton and Goodwin [8] examined the use of predictive adaptive control laws to a
rigid link manipulator. They used a computed torque controller in conjunction with
linear estimation techniques to prove the global convergence of the adaptive system.

There were two important developments for the adaptive control of single robots
which are relevant to our work on the control of multiple robots. The first develop-
ment was the use of linearity of the uncertain parameters of the robot with respect to
the dynamics of the robot. The second development is the use of the predictive adap-
tive control to design control laws for rigid robots. We will use these two develop-
ments to design an adaptive controller for the multi-robot system. '

Few control schemes for cooperative multiple robots manipulating a common
load have been proposed. Tam et al. [16] presented a control method that is based
on the linearization of the robot models with nonlinear feedback and nonlinear
transformation; they then use the theory of linear optimal control to design a robust
controller. Yun et al. [17] used exact linearization and output decoupling to design a
controller for the two robot manipulators. Zheng and Luh [20] considered the dual
arms system as a closed dynamic chain and then used master/slave method to design
the control laws. Yoshikawa and Zheng [19] proposed a cooperative dynamic hybrid
control method; this method takes into consideration both the manipulator dynamics
and the object dynamics. Guo and Ahmad [1] looked at the control problems when
the robots have compliant joints.

Hsu et al [6] developed a control algorithm for the coordinated manipulation of
multifingered robot hand. Their control guarantees the convergence of the load
motion and internal forces to the desired values respectively.

Walker et al. [18] developed an algorithm for the control of two robots handling
a load of unknown mass. Their controller achieves global convergence of the load
motion and the internal forces to their respective desired trajectories. Their con-
troller basically amounts to an open loop controller for the internal forces and a



- closed loop controller for the positions. The attractive feature of the proposed control
law is that the computational algorithm is the same for the two manipulators.

Hu and Goldenberg [7] addressed the problem of multiple robots manipulating a
load in contact with the environment. First they decomposed the multi-robot system
into three substems, one for the position error another one for the contact forces and a
third one for the internal forces. Then they used these subsystems errors and Popov’s
hyperstability theory to derive the update laws to estimate the unknown parameters.
The proposed control law guarantees the global asymptotic convergence to the
desired position, internal forces and contact forces trajectories.

Carignan used reduced order models for the tracking control of two rnampulator
arms handling a load. An adaptive controller was designed to track a desired trajec-
tory using a reduced model of the system instead of the full order model of the sys-
tem. Carignan’s results were very encouraging, however a lot of work remains to be
done on the use of reduced order models.

Zribi and Ahmad [21] and [22] proposed an adaptive controller for the multi-
robot system manipulating a rigid object cooperatively. Their controller takes into
account the dynamics of the manipulators and the load and does not require feedback
of joint acceleration or the inversion of the inertia or the Jacobian matrices. They also
considered the effects of bounded disturbances on the system. A control law which
guarantees the convergence of the tracking error to a bounded set is also given.

In this paper we address the problem of controlling multiple robots handling an
object cooperatively. In section 2 we develop the dynamic models of the manipula-
tors and the load. In section 3 we exploit the linearity of the dynamics with respect to
the unknown parameters to derive the parameters update laws. The dynamics of both
the manipulators and the load are filtered through a first order stable filter so that the
control and update laws do not require the measurements of the accelerations. We
define two prediction error vectors for the load and the manipulators. These predic-
tion errors are the difference between the measured filtered dynamics and the
predicted filtered dynamics. In section 4 we use these prediction errors with a Least-
squares estimation method to estimate the parameters of the multi-robot system. We
then develop a controller which guarantees the asymptotic convergence of the object
motion and the internal forces exerted by the manipulators on the load to their respec-
tive desired trajectories. :

2. Cooperative Multi-Robot System Model
2.1 Dynamics Model

The general dynamic model for k cooperative multi-robot system has been
investigated thoroughly in the literature, and is also described in the below for com-
pleteness. We first start by stating few assumptions that will be used in the subse-
quent derivation.

Assumptions:

(1) The manipulators are rigidly grasping the load.

(2) The number of joints of the ith robot, n;, is equal to six and all the mampulators
are non redundant.

(3) All the manipulators can independently move along each axis and therefore all the
robots are nonsingular along the desired trajectories.

The dynamic equation of the ith manipulator in cooperative manipulation is
given as:



H; (ql)ql +N11(Quq1) Ti— J (qx) F 1—1 .y k : (1) :

where qi(t) € R™ is the vector of joint displacements, and n; is the number of joints
of the ith robot. The inertia matrix of the ith robot is H;(g;) € R™ "M this is a positive
definite and symmemc matrix. The vector of centnfugal Corlohs and gravity forces
is Nj;(q;,q;) € R™; the mampulator Jacobian is J;(q;) € R™™. The control input
torque for the ith robot ist € R™. The forces/moments applied by the ith manipula-
tor on the object at the pomt of contact is F; € R® and it can be wntten in terms of the
contac[ forces rfie R3> and contact moments ;€ R}, such that
fT

F, = 'r]i for i=1,...,k.
Now we will group the dynamics of the k robots to get,

H(q)q + Ni(q.9) =t—IT(@QF | @)

1=
Let n= ) n; = 6k where n; is the number of joints of the ith robot. Then it should be

e
noted that H € R™®, N, € R, 1€ R", J€ R™™, Fe R", q € R". Here H(q) is a diago-
nal matrix whose diagonal elements are H;(q;), (i.e H = diag(H;)), also J(q) is a diag-
onal matrix whose dlagonal elements are J (ql) (iel= dlag(J ). Further

- -
Nl (q1,41) q1 T F

Ni1(q,9 = . , q=1|. |, t=|.| and F=|.| 3)

; T F
_Nk(qk:qk)‘ _qu i kJ ) i kJ

The equations of motion of the object (load) are obtained from the Newton-
Euler mechanics (equations balancing forces and moments).

M5 + Mg = E‘f | 1)) |
Io + ox(Iw) = lf_‘lf(m +rxf) - 5)

=1

Where the posmon of the center of mass of the object expressed in world coordinate

frame is x(t) € R3 . The rotational velocity of the center of mass of the object in

world coordinate frame is o(t) € R>, and the gravitational forces acting on the object

is g(x) € R?. The mass matrix M € R 33 is a diagonal matrix whose diagonal ele-
ments are the mass of the load; I € R>? is the inertia matrix of the load. The position

of the end effector of the ith manipulator with respect to the object center of mass,

expressed in the world coordinate frame, is r;(t) € R°.

The motion of the load expressed by equations (4) and (5) can be re-written as:



Sz + Ny(z,z) = GF 6)

Where G € R®™ is the grasp matrix, and it is defined as
G= [Tl Ty --- Tk] » ' (N

The matrix T; € R5 is obtained from equations (4) and (5) and it is given as

0 —Tiz riy

Ar:Y= Ir: —T:
Ou(r) T | 29 W)= x

i=

_riy Tix 0

where Iz, is the 3 by 3 identity matrix, and r; = [rlx,r,y,rlz] e R? represents the vec-
tor from the center of mass of the object to the contact point between the Ob_]CCt and
the ith manipulator.

Also the matrices S € R® and N, e R% *6 are defined such that,

, M
s={MO] and Np=| ' B

ox(Iw) ®

0. I

The angular velocny of the center of mass of the object expressed in world coordinate
frame is v(t) € R3. The position and orientation vector of the center of mass of the
object e[(pressed in world coordinate frame is z(t) € R6 and the_yelocity vector is

2t = v T(t) e R®. Notice that z(t) = [ (® T(t)]

2.2 Kinematic Model

Occasionally, we might be interested in controlling the manipulators in some
predefined Cartesian task space such that:

z()=Ki(@q(®) i=1L..k ®

where K;(.) : R" —;~R6 is the transformauon from the joint angle space of g;(t) to the
task space containing z;(t), and z(t) € RS is the position and orientation of the point
of contact of the ith manipulator, with the load, expressed in the world coordinate
frame. Notice that the angular velocity of the point of contact of the ith manipulator,
with the load, expressed in world coordinate frame i is v e R3, the rotational velo-
city of the point of contact of the ith mrupulator ith the load expressed in world

coordinate frame is w;(t) € R3, z(t) = M | € RS.
If we differentiate equation (9) with respect to time, an% if we define J;(q;) to be

the differential map of the g;(t) space to z(t) space (i.e. J; = ), then we can write

0



Z(®)=J(@M)aG® i=1..k (10)

If these equations are stacked into a single vector by forming the J; into a block diag-
onal matrix, and concatenating the ¢; ’s into one vector q, we get

ve=14 (11)

.T.T .T]T : :
where v, = [zl zy ----Zk] is the vector velocity of the contact points, and

J=diag(J;).
If we wri;e F, as the total force acting on the center of mass of the object, then F,
correspond to the left hand side of equation (6), hence equation (6) can be written as,

F,=GF (12)
Now from the duality between the forces and the velocities [11], we can write
Glz=v, (13)

where z is the velocity of the center of mass of the object.
Thus for the k robots system, we combine equations (11) and (13) to get

GTz=19 (14)

where G is the grasp matrix for the multl-robot system, and J is the J acoblan of the
system. Now if we differentiate the above equation, we get '

g=T1GTz-T11q (15)

2.3 Definition of Position and Internal‘Forces Errors

We reqmrc the load to follow a predefined twice dlffcrcntlablc trajectory.
z4(t) € C? hence the trajectory tracking error of the load, e(t) € RS, is

e(t) = z(t) — z4(V) (16)

The end effector force of the ith manipulator, F;, can be decomposed into two forces,
the motion force and the internal force. The internal force does not cause any motion
of the load. However we must control this force in order to prevent excessive
compressive or expansive forces being applied to the load.

Let Fy represent the internal grasping forces and let Fy 4(t) répresent the desired inter- -
nal grasping forces. Thus the internal grasping forces error is,

ef=FI _FId (17)
Notice that the internal forces and the internal forces errors do not contribute to the
motion of the load.

3. Properties and Preliminary Definitions of the Multi-robot System



3.1 Properties

Few important properties of the inertia matrix, the centrifugal/Coriolis matrix
and the gravity vector which will be used in the developments are now given.
Property 1 : Linearity in the robots parameters:

The first property which will be used in the subsequent development is the
linearity of H(q) and N, (q) with respect to the manipulators dynamic parameters P;.

H(@) + N; (0,8 = Y1(@,d,d)Py . (18)

where P; € R" is a vector of r; robot parameters which are constants for the given
manipulators. These parameters w1ll be estimated by the proposed adaptive scheme.
The regressor matrix Y;(q, d,4) € R™™ represents the structure of the robots dynam-
ics, hence its elements are combinations of the elements of the inertia matrix and the
centrifugal, Coriolis and the gravity vector.

Property 2 : Linearity in the load parameters:

Another property deals with the linearity in the load parameters,
Sz + Ny (z,2) = Y2(2,2,Z)P; (19)

where P, € R™ is a vector of r, load parameters which are constants for a given load.
These parameters w1%1 be estimated by the proposed adaptive scheme. The regressor
matrix Y5(z,2,Z) € R™ ? represents the structure of the load dynamics.

3.2 Prehmmarles and Definition of Variables -

Let P1 be the vector of estimates of the parameters of the robots, then the error
vector in the estimates of the robots parameters is P; = PL P, Similarly, we can
write the parameter estimation error vector for the load as P, =P, — P;. Notice that
~ we can write

A + R (q.d) = Y1 (@3 P; 20)

Where H is the estimate of the inertia matrix H(q) and 1(11 is the estimate of the
Coriolis, centrifugal and the grav1ty vector.

Also notice that H(q)q+N1 (q,q)q Y, (q,q,q)Pl, where H is the error in the
inertia matrix, and N1 is the error in the Coriolis, centnfugal and gravity vector.

Similarly we can write
Sz+Np = Y2132 1)
where § is the estimate of S and I:IZ is the estimate of Nj. '

We want to design control and parameter update laws that does not require the
measurements of the acceleration vectors  and z, thus we will filter the dynamics of
both the multi-robot system and the dynamics of the load. To achieve this we multi-
ply both sides of the equation we want to filter by A¢/(D + A¢), where A¢ is a known
positive constant and D is the Laplace operator [15].

Equation (2) and (18) can be combined so that we can write
Y,P; =1-JTF v (22)
Now we filter equation (22), to get ’ ‘



YePy =1¢ - (JTF; 23)
where, -
A Y,
Yir & (g% @
A 2
T = ( D+ k ) (25)
0P £(5 )(JTF) | (26)
The prediction error for the manipulators parameters will be defined as,
ep, £ % — (TP = YiePy ==Y Py @7
Similarly filtering equation (19) we get | | |
Yo¢P; = (GF)¢ (28)
where Yo is defined as ' .
A Y, @
Yzf_(D+lf) 2 (29
~and
GP £ (5 @R (G0

~ The prediction error for the load parameters w1ll be defined as,
ep, 2 (GF)¢— YorPy =—YoeP, (3D

Finally we will state two lemmas which will be used in the derivation of the
control law. _

Lemmal:
If V; is a matrix and V, is a vector, then we have

D7»f

7L
(ViVa)= —V1V2 + V1 d (Va2)

the proof for lemma 1 is obv1ous and follows directly from the definition.
Lemma 2:
Let

e=H(s)r

where H(s) is an nxm strictly proper, exponentially stable transfer function. Then |
re L, implies that e € LhNL.., € € L, ¢ is continuous, and ¢ — 0 as t — o=, If, in
addition,r — 0 ast — o, then € — 0.



Lemma 2 is taken from Desoer and Vldyasagar [S], see also Ortcga and Spong [10].

4. Parameter Estimation and Control law Desngn

Theorem 1: Parameter Estimation

The below update laws guarantee that Py, P2 are boundcd and that e, , €p, € Ly
regardless of the control law.

P=T10YTe, | | (32)
I =-TiOY Y11 () - (33)

-and the IOad parameters are updated as,

B2 =T200Yke, » )
(1) =—Fz(t)Y'{fY2fr2(t) S (35)

o1a 03

Where the time varying gains I'y € RN ,I2€R
metric positive definite matnccs

Proof:

Consider the following Lyapunov function candidate:

and I';(tp) and I'5(tp) are sym-

V=B 1B, + BT 1By | (36)

If we differentiate V with respect to time, we get
y BT 15 4 BIF. (1B, 4 9P T (v 1Ps 4 PAT (11D,
V(t)=2P1 @ Pl +Py I‘I(t) Py + 2Py ()7 Py + Po I (1) Py 37

and noting that —(r-lr ) =0 for (i=1,2), we get

rl =-T70 T =IO YT Y )T Y1fY1f (38)
I3 =-T3 03 = T3 (Y Yo Ts! = Y] Yo 39)

Thus,
V(t) 2P1F“ rlYlpr +P1 YllefPl + 2P2 ;3! l"zYzfep2 + Pz Yngszz
=- 2ep1 €p, + epl €, — 2ep2epz + e:pzepz ‘ (40)
Hence we have |
V@ =-chep —ehep =PI YiViP P YEV0P, @)
Therefore V(t) <0 and the estimator is always stable. Thus.131 , 132 are bounded, and

ePl’e 61’2

This concludes the proof of theorem 1.
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In the following we will assume that the parameters P; and P, are in some con-
vex region C; such that A and § are posmvc definite matrices. (i.e. Pl and P2 e C
/Hand § >0).
Theorem 2: Control Law
The adaptive control law given below (equations 42-47) used in con_]uncuon with the
update laws given in Theorem 1 guarantees the global convergence of the cooperative
multi-robot system tracking errors (i.e. e(t) — 0 and e¢(t) — 0 as t — o0).

T=T +T + T3+ Ty o 42)

where 1y, T, T3 and 74 are defined as

71 =TT (Frq — Kyfegdt) : @3
Ty = —Hy(g + Ké + Kpe) + (- A Jg + Ny + TGN (44)
1 peT 1 g grd™l g

w=—7IT e, v G*AA GITe, +e,) (45)
Ty =—J G YyPs + _Ylfpl. (45a)
At SV » |

fr AHIIGT +17GHS - (46)
A AGrTa; =GrTar1GT +§ ‘ 47

and the adaptation laws are given by equations (32), (33), (34) and (35).

The matrices Ky, K, Ky are defined to be constant symmetric positive definite
matrices; these matnces are design parameters. :

Proof: v
Applying the inverse filter to equation (31), we get,

D+ M 1 /
(ep,) =GF - Y2P2—TY2fP2 B C ¢ ))

From equatlon (48) we can solve for F, to get

(49)
- where Fj denotes the internal grasping forces, and G* =GT(GGH)™. |
Also applying the inverse filter to equation (27), we get,
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D+A’f

1
(ep,)=7-JTF~- nm—rnm

Now combining equatlons (49) and (50), we get

D+ Af 1
—(ep,) + JTG+-—(ep2) T~ Ylpl"TYlfPI_J F

- JTG+ [Y2P2 + -i_l,f—YZfPZ]

Réplacing T, 71 and 14 by their values from equations (42), (43) and (45a), we get

D+f

Ae

D )v A ”~
———(ep, )+ JTG* (€p,) =T1 + T2 +13 — Y1 Py = TG Y,P, - ITFy

A
= (12 - Y1P; - JTG*Y,P))
+13 = I (eg + Ky ferdt)
Using (20), (21) and (15), we get ;
~Y;P, —-1TG*Y,P, = - Hj—N; = ITG* Sz + Np)
= —HJ'GTz-T1ig) - N; - ITG*(Sz + Ny)
= — ('GT +ITG*S)2 - (- Arliq + Ny +I7G*Nyp)
= —HpZ - (- A 1Iq+ N, +7TG*Ny)
If we combine (53) and (44), we gct
1, = Y1 Py = JTG*Y,P, = Hy(e + K.é + Kpe)
Now combining equations (52) and (54), we havc,

D+f

T G+
M(%”

lf (epz)— —HT(e+K e +Kpe)

+ 13 — JT(Cf + KIJCfdt)

Multiplyihg equation (55) by GI™T, we get

D+lf D+A

GJT o)+~ L lep,) = —AG+K,é+Kpe)

+GJ” TT3 - G(es + Klfcfdt)

- (50)

(1)

(52)

(53)

(54

(55)

(56)

Now recall the fact that the 1ntcrnal grasping forces lie in the null space of G thus we

o can conclude that
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Ger + K ferdt) =0 | (57)
Now substituting T3 by its value from equation (45), equation (56) becomes:
D + )\.f D+ )\. 1 _..-T
v GI T ——(ep, ) + (epz)— ~AG+K, e+Kpe) - ¥ —GJ e
1 ,
- —f-AA (GrTcpl +ep,) - (58)
Equation (58) becomes:
D+A T
» (GJ“ €p, +€p,)= —A(e+K e +Kpe)
- %AA (G~ Te:p1 +ep,) ; (60)
f

Now multiply both sides of equation (60) by A , and use the identity given by
Lemma 1, we get, _

At ~-1 , L, |
A (GJ—Tepl+ep2)]+(e+Kve+er)=‘O (6D

If we let

1 e .
| ud- k_f I Tepl +ep,) (62)
Then equation (61) becomes ,

e+K,e+Kye=([D+2Apu (63)

Also it should be noted that ue L, because of the following:

(1) The exact value of A, (A=GJ THJI'IGT +9), is a positive definite matrix
because both H and S are positive definite matrices. We assumed that we are work-
ing in convex region of P; and P, such that H and S are positive definite, which
implies that A is positive definite and thus A ~ is bounded.

) GI” T which is a function of the kinematic parameters of the manipulators (which
are assumed to be known) is bounded. v

(3) In theorem 1 we proved that e, € L, and e, € L;

Hence using Lemma 2 and the facts thatue L, and A  is bounded, we can conclude
thate = 0 ast — oo, ’ ‘

In the following we will prove that u — 0 as t — e and therefore € — 0 as t — oo,

~ Middleton and Goodwin [8], proved that the regressor matrix Y¢ and Y¢ are bounded
for rigid link manipulator systems. Therefore Y and Yo¢ will also satisfy the same

_property because they are also represented by same rigid mechanical dynamics.
Hence using the same arguments as Middleton and Goodwin (we omit the proofs
here, see page 13-14 of [8]), it can be shown that Ylf, Ylf, Y, and Y2f are bounded.

‘Thus e, is bounded because e, = YlfPl Now P1 r 1Y1fepl is bounded because
Ty, Yi¢ and e, are bounded. Also, €, =—Y1fP1 Y1f131 is bounded. Therefore we
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can conclude €, is uniformly continuous. Since e, is uniformly continuous and
ep, € Lo, wehaveep, —0ast— oo

Similarly e,, is bounded because e, =—Y'2f132 Now P2 —F2Y2fep is bounded

because I';, Yor and e, are bounded. Also, €p, =—Y2fP2 —Yszz is bounded.
Therefore we can conclude that €, is uniformly continuous. Since e, is uniformly

contmuous and ep, €Ly, we have e, 50 as t—oee. Hence
14

u= ——)‘;—A (GT Te,pl + €p,) tends to zero as t tends to infinity. Finally we can con-
clude from Lemma 2 thaté —» O as t e

Thus we can conclude that P1 , Pz P1 , P2 are bounded and also ¢, , €p,, ¢, ¢ tend

to zero as t tends to infinity.
To prove that e tends to zero, we should note that equation (55) can be written as:

D+ Tt DHAf A . 1 T
T(epl) +J'G* ¥ (ep,)= —Hr(€+K,e+ Kpc)——x—f—J J
A il ’
—~ {—-JTG*AA (G ey, +ep,) = I (eg + Ky ferdt) (65)
f : ,
Now because €p,» €p,s € and € tend to zero as t tends to infinity we have
JT (g + Ky fedt) = 0 (66)
However JT is not singular, thus we have
e+ Kljefdt -0 | . (67)

Finally because K is a positive definite matrix, we have ef — 0 as t — oo,
This concludes the proof of theorem 2.

5. Conclusion

In this paper, we proposed an adaptive control scheme for the multi-robot sys-
tem during cooperative motion. The proposed controller takes into account the
dynamics of the object and the dynamics of the manipulators. The linearity of the
dynamics of both the robots and the load with respect to the parameters, were
exploited during the derivation of the controller. The dynamics of both the robots
and the load were filtered so that the control law does not require the measurements
of the joint accelerations and the load acceleration. The proposed controller guaran-
tees convergence of the actual position to the desired one and the convergence of the
internal grasping forces to the desired internal grasping forces. Least-squares estima-
tion was used to estimate the parameters. Future work on using different methods for
parameter estimation, and robustness of the least-squares estimator is underway.
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