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hi¢ e/arm system can be Viewe
resulting from the serial combination of two sub-
systems: a “macro” structure with coarse; slow, dy-
narmc _responses (the moblle base) and & rela,tlvely

Anot mportant issue in moblle
congerns cooperative operations between multiple ve-
hicle/arm:systems:[7][8][9][10][11].. Our research in co-
sulation has produced a number of Te-
ovide the basis for the control strategies

sic concepts The augmented object and the virtual-
linkage [12]. The virtual linkage characterizes internal

forces, while the augmenied object describes the sys-
tem’s closed~cha1n dynamics. These models have been
successfully used in cooperative i pulatlon for var
ious compliant motion tasks performed by two and
three PUMA 560 mampulators

Whlle prov1d1ng accurate descmptl@n of oooperatlve
mampula,tlon, the.augmenied object:and. virtual:link-
wgéniodels Have been implemented: ihsdn rare
tha,t‘requlres some level of centrahzed control‘}-

mobﬂe mam’pulatlon platforms

hlcle/Arm Coordlnatlon

2.1 Dynamlcs

~The joint space dynarmcs of a mampulator a,re de—
‘isc‘ 'bed ,by ‘ CompTen
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where q is the n joint coordinates and A(q) is the
n x n kinetic energy matrix. b(q, q) is the vector of
centrifugal and Coriolis joint-forces and g(q) is the
gravity joint-force vector. I is the vector of general-
ized joint-forces.

The operational space equations of motion of a ma-
nipulator are [5]

A(x)x + p(x,%) + p(x) = F, (2)

where x, is the vector of the m operational coordinates
describing the position and orientation of the effector,
A(x) is the m x m kinetic energy matrix associated
with the operational space. p(x,x), p(x), and F are
respectively the centrifugal and Coriolis force vector,
gravity force vector, and generalized force vector act-
ing in operational space.

2.2 Redundancy

The operational space equations of motion describe
the dynamic response of a manipulator to the appli-
cation of an operational force F at the end effector.
For non-redundant manipulators, the relationship be-
tween operational forces, F', and joint forces, I is

T = J(q)F; (3)

where J(q) is the Jacobian matrix.

However, this relationship becomes incomplete for
redundant systems. We have shown that the relation-
ship between joint torques and operational forces is

r=JT@F +[1- /@7 @] Ty (4)

with
J(q) = A~ (q)J" (a)A(q); (5)

where 7((1) is the dynamaically consistent generalized
inverse [6]. This relationship provides a decomposi-
tion of joint forces into two dynamically decoupled
control vectors: joint forces corresponding to forces
acting at the end effector (J7 F); and joint forces that

only affect internal motions, ([I —JT(Q)T" (q)]I‘o).

Using this decomposition, the end effector can be
controlled by operational forces, whereas internal mo-
tions can be independently controlled by joint forces
that are guaranteed not to alter the end effector’s dy-
namic behavior. This relationship is the basis for im-
plementing the dynamic coordination strategy for a
vehicle/arm system.

The end-effector equations of motion for a redun-
dant manipulator are obtained by the projection of

the joint-space equations of motion (1), by the dy-
namically consistent generalized inverse jT(q),

7" (@) [A(9)d + b(a, &) + g(q) =T
=  AQx+p(q,q)+pl@=F, (6)

The above property also applies to non-redundant

manipulators, where the matrix jT(q) reduces to
I=T(q).

2.3 Inertial Property

A mobile manipulator system can be viewed as the
mechanism resulting from the serial combination of
two sub-systems: a “macro” mechanism with coarse,
slow, dynamic responses (the mobile base), and a rel-
atively fast and accurate “mini” device (the manipu-
lator).

The mobile base referred to as the macro structure
is assumed to be holonomic. Let A be the pseudo
kinetic energy matriz associated with the combined
macro,/mini structures and A,, the operational space
kinetic energy mairiz associated with the mini struc-
ture alone,

The magnitude of the inertial properties of
macro/mini structure in a direction represented by a
unit vector w in the m-dimensional space can be de-
scribed by the scalar [6] '

1
ow(A) = ———
w(4) (WwTA-1w)’
which represents the effective inertial propérties 1 the
direction w.

Our study has shown [6] that, in any direction w,
the inertial properiies of a macro/mini-manipulator
system are smaller than or equal to the inertial prop-
erties associated with the mini-manipulaior in that di-
rection:

ow(A) < ow(Am). (7)

A more general statement of this reduced effective
inertial property is that the inertial propertics of a
redundant system are bounded above by the inertial
properties of the structure formed by the smallest dis-
tal set of degrees of freedom that span the operational
space.

2.4 Coordination Strategy
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- The reduced effective:inertial property. shows that
the dynamm performance of a combined macro/mml
systern ‘can be made comparable to (and in some
cases, better than) that of the lightweight mini ma-
nipulator. Theé idea bekind du sproach’ for the co-
ordination of macro- an'd: minjvsthuctures is to-treat
them as a single redundant system. High dynamic
,performance for the manipulated. obJectvtask (motion
and contact forces) ‘can be ¢ _an o
‘tional space tonttol” sys‘nem usmg ‘essentially )
dynamic response of the mini structure[6]. However
given the mechanical limits on the mini structure s
joint motions, this would rapidlylead toijoift satura-
tion of the mini-structure degrees of freedomn.

The-dynamae coordimdtion-we iproposerisibased on
combining the cperational spacs control with:amisi-
imization of deviation: fromsthe mmidrangesjoint :po-
" gitions of the:mini-manipulator:> This mininization
must:be implemented with jointforcé control vectors

selected from the dynamically consistent null spacesof
equation (4). This will eliminate any effect of the-ad-
,d' ional control forces on the end—effector task e

a ,Let g; and g, be the’ upper=and :Jower bounds Lol

theith: Jomt p051t10n q, We construct bhe poten ’a,]
function: o

L +‘
VCdéfdi’nééctii’on((I)f =k, Z (Qr : 2
W Dl i B iR

where k. is a constant galn and Ny s the macro struc-

ture’s number of degrees of freedom ‘The pradient of
this function

rCoordination = '._VVVCOOrdination " (9)

provides theirequired-attraction to the mid-rangd joint
positions of the mini-manipulator. The interferetice: of
these additional forces with:the end-effector dynamics
ig- avoided-by pxmechmg them. into.. the null-space 7of
JT(q) This is = e

rNull Space = [I JT( )JT(Q)} VrC’VOOrdkina:tiem : 10

‘;,3 ..:C,ooper»ative (Manjpulatigonx o

g #

13 1 Augmented Ob_]ecty

The augmented object model prov1d Yo id
of the dynamics at the operational point for a malti-
arm robot. system. The simplicity of these equations
is the result of an additive;propesty. that -allews us to

nal forces actmg at-the obgect

-obtain the system- equati@ns of motion from the: sqia-
}!thIlS of-motion of the individual mobile Inanlpulators

The augmented objecz’ model qgos T

 BelEr sl x>+p@<x> =,
with

N
Ag(x) = Mg (%) D) Aifx); 12

i=1

‘where Ag (x) and A ( ) are the kmetlc ener iy Inatrlces

socuyted with the obJect and the. z“" effe or, . Tespec-
ly. ug(x, x) p@(x) and F@ also have the additive

'pioperty

32 iVirfual 'Linka‘gey

Object manipulation requires :aceurate fcontrol. of
internal forces. Recently, we have proposed the virtual

linkage [12], as-a model. of internal forces.associated

with. multi-grasp mampulatlon In this model, grasp
pomts are connected by a closed; -non-intersecting -set
of virtual hnks (Figure 1.)

The! relationship between applidd: forees;: thelr to-

sultant and internal forces is

FT‘&S\ . . ’ .
[Fmt} . ( ,.)
. I (& 7 o R RN

where F, ., represents the reeullta,nt' forces at the ober—

-ational point, Fin, the mternal forees and f; the forces

applied at the grasp point i. G is called the grasp

description matrix, and relates forces applied at:each
;grasp to the resultant and internal forces in the object.
Furthermore, G can be wriften as

G=[GiGy Gyl

":Where each G represents the conﬁnbumon of the ith

grasp 'to the resultant and internal forces felt by the
object Also, Gy can be furthet decornposed

Gres ’z] .

- ,l'k]’;lere Gres’, is,thek_contribuilzion Q_f G,totheresultant
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Figure 1: The Virtual Linkage

_ 1| Fres
f]:\, _Gl[ ] (14)

Similarly, G=! can be written as

G,
G—l — . .
Gy
with . . .
’ G; = [Gre.s,i Gint,i ];
where Ere,’; represents the part of G; that correspond
to the resultant forces at the object; and the matrix

Giint,; represents the part corresponding to the inter-
nal forces. ‘

3.3 Decentralized Control Structure

For fixed base manipulation, the augmented object
and virtual linkage have been implemented in multi-
processor system using a centralized control structure.
This type of control is not suited for autonomous mo-
bile manipulation platforms. Before presenting the
decentralized implementation, we begin with a brief
summary of the centralized control structure. The
overall structure of the centralized implementation is
shown in Figure 2.

In a multiple mobile robot system, each robot has
real-time access only to its own state information and
can only infer information about the other robots’
grasp forces through their combined action on the ob-
Ject. In the decentralized control structure we pro-
pose, the object level specifications of the task are
transformed into individual tasks for each of the coop-
erative robots. Local feedback control loops are then
developed at each grasp point.

The task transformation and the design of the lo-

cal controllers are accomplished in consistency with
the augmented object and virtual linkage models. The

overall structure of the proposed decentralized control
structure is shown in Figure 3.

The local control structure at the #** grasp point is
fi = fmotion,i + fforcc,i~ . (15)

The control vectors, fiotion i, are designed so that
the combined motion of the various i*® grasp points
results in the desired motion at the object operational
point. On the other hand, the vectors f,,c; create
forces at the grasp points, whose combined action pro-
duces the desired contact and internal forces on the
object.

The motion control at the 5** grasp point is
fmotion,i = AQ,iQf;otion,i + fip,i + Po.i; (16)

with X X .
A@,i = Ag,i + Gfes,iA»CGreg,i; (17)

where A, ; is the Kinetic energy matrix associated with
the i? effector at the grasp point. The second term
of equation (17) represents the part of A, assigned to
the i** robot and described at its grasp point.

The vector, fiy i, of centrifugal and Coriolis forces
associated with the i*? effector is \

ﬂ@,i : ﬁg,i + -G—res,iﬁ[,; o (18)

where fi, ; is the centrifugal and Coriolis vector of the
i*h robot alone at the grasp point. Gyes ific represents
the part of /i assigned to the i** robot and described
at its grasp point. Similarly, the gravity vector is

ﬁ@,i = ﬁin + _G_res,ip\ﬁ; (19)

where p, ; is the gravity vector associated with the §*
end effector at the grasp point. Gyes iPc Tepresents
the part of ¢ assigned to the i** robot and described
at its grasp point. ’

The sensed forces at the #* grasp point, f;, ;, com-
bine the contact and internal forces felt at the *® grasp
point, together with the acceleration force acting at
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the object. The gensed forces associated with tlfe?’c?o’xi—
tact and-internal forces -alone,ifs iy are: thereforst ob-
tained by subtracting the acceleratlon effect from the
tobal sensed forces

fsz “"fsz - re31 (Agxd+/j£ —i—pL) (2@)
Here the object desned acceleratlon has been used
instead of the actual acceleratlon Whlch would be d1f~
ficult tor evaluate, G T

" The force con“trol part of equ, »

_y’;(‘15) IS

fforce BT A®1ff0"'03 2 + fs 1) IR (21)

where £ orce s represents the 1nput to the decoupled
system assomated with the contact forces and internal
forces ff orced can be achieved by selectlng

(22)

The vector fd i is the desued force basmgned to the z

mobile mampulator Usmg equatlon (14), ‘this vector
is: ,

fforcc z =A e

fdyi 1

v’ _ F d ) i
.,: A e 1y 18, [t
‘ Jeshihed [ antd ]

1
de

Where the desned resultant forces are:;
Fres d - QFcontact d;

'.Where Fcén{act 4718 the desued contact force:vectorz‘:z';

,—sor and an. electric two. ﬁngered grlpper
'consmts of three. Yateral” orthogonal universal- Wheel
: qassembhes Whlch a]low the base to. translat and rotate

: Flgure 3 Decentrahzed Control Structure |

The assumptions in the above control structure is
that the object is rigid and that there is no slippage at
rasp points. anper shp in he real System w111
, errors in the grasp kmematlc computatlon
and inconsistencies with the virtual linkage model. To
compensate for these effects, some level of communi-
cation between the different, platforms will be needed
for updating the robot state and' modifying the task
specifications. The rate at which this communication

ds:gequired ds much slower: thans theslocal seiive feon-
t1blirate. ‘Such communicationican berachieved over a
radio:Ethérnet link (at 10-20:Hz): :

EXperlmental Platforms R

" 'We Hhave built two autonomous mobxle mamp‘ula—

Hion platforms (Figure 4). These platforms were d vel—

oped in collaboration with Oak R,ldge Natlonal L
oritories and:Nomadic Technologies. | Each: platform

reonsists-ofa PUMA 560:arm mounted on a,fholonomlc
‘moblle base : : a8 :

nst force sen»
“The base

The arm is equlpped Wlth a 6- ax1s .

holonomically [13]. The base houses two PCS motor

: amphﬁers and batterles

Thetabove: control strategles have been success

~fully imiplemented in the two platforms. NMotion and



Figure 4: Experiments with the Mobile Platforms

Erasing a whiteboard, cooperating in carrying a basket, and sweeping a desk are examples of tasks

demonstrated with the Stanford Mobile Platforms.

force control performance are comparable to results
obtained with fixed base PUMA arms.

5 Conclusion

We have presented extensions of various operational
space methodologies for fixed-base manipulators to
mobile manipulation systems. A vehicle/arm plat-
form 1s treated as a macro/mini structure. This re-
dundant system is controlled using a dynamic coordi-
nation strategy, which allows the mini structure’s high
bandwidth to be fully utilized. For cooperative oper-
ations, we have developed a new decentralized control
structure based on the augmented object and virtual
linkage models that is better suited for mobile manipu-
lator systems. Vehicle/arm coordination and coopera-
tive operations have been successfully implemented on
two mobile manipulator platforms developed at Stan-
ford University.
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