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ABSTRACT 13 7

8 teokaiquesfor controlling multiple manipslators
whioh are lholding s simgle o¥lect and therefore form s olosed kimematie ochaia.
The objeet, whiokh may or may mot be ia contact with a rigid eavirosment, is
sssumed to be held rigidly by n robot end-effectors. The derivation is bdased on
setting up constraint oquations wvhiodh zeduce the 6xan degreoos of (reedos of &
maaipulators each haviang six joints., Additiosal comstreiat equi:tions are
eonsidered when one or more of the degrees of freedom of the object is reduced
due to exterms] soastraists, Utilizsing the operatiosal space dymamios
oquations, s decouplisg comtroller is ‘esigned to ocomtrol both the position amd ;f/

the intersotioa foroes of the objeot with the eavironment. Fisslly, -venpsEEsss
simulation results for the coatrol of a pair of two-lisk manipulators— ¢ /)s,-_-&;)

1. INTRODUCTION e,

The topioc of multiple robdot coatrol is relatively mew ia robotigs reseazch. The extemsiom of rodot coamtrol
techniques to the case of multiple manipulators is mecessitated by/reslities emcountered both for meaipulatinmg
small objeots asd for handling large workpieces. The maanipmlatibs of objects mormally requires at least two
hands to simultaneonsly position sad reorient the objeot s0 s¥at either one or both haads can perform their
cospeotive tasks. HNere, the employment of aa extra szam is rpduired uot by limitatioss oa force/torqee output of

‘ as arm but by the faot that im complex task execstion, the workpiece must frequentiy be reorieated to expose the
Rard-to-reach areas, Ia fact, some experts have suggested that rodbots wvill sot truly be istegrated in the
future factory eavironment ustil multipls zobot ta plansing snd control have reached a certainm level of
maturity. In this paper we will oaly address the coxtrol problems sssocciated with munitiple manipulators bandling
s commonly held object. Other problems, suok ne fevaral manipslators vorkiag ia the same workcell without
senipulating the same objects simultasmecusly, og/two erms working oa the same objeots but Raviag relative motioa
with respeot to the workpiece, are important regdearch topics mot addressed is this paper.

tly dealt with master/slave control techniques. This approach is
conceptuslly simple. One masipulator iy position servoed while the other masipsiator is force servoed. The
force servoed arm is coatrolled ia oo isnt sode to follow the master (positios servoed) arm. Additiomsl feed
forward foroes (torques) are added fo the foroe controlled arm to reslize the required imteraction forces
betwees the arms asd the object w)ioch is deing menipsulated. MNore recestly, among others, Luh sad Zheng have
reported their work im dual sra cpbrdinmation. We will meationm oaly some of their work here. In referemce [3]
they disouss the Lkinematio issyés related to the coordimation of deal maaipulator rodots. Their approsch is
based om position servoiag of/one of the arms and the sse of tinematie constraiat equatioas to modify the
trajectory of the second ash to resalize cooperation detweesn the arms., In referesce (4] they extead their
analysis to isclude the copbtraimt equations for the joist acceleration, Thea, using the arm Jacobisa, joimt
torques are compsted to ive the arms.

Barly vork ia tais ares [1, 2) has n

Is this paper we dorive the equations of motion is the so-ocslled Operstional Space (or Cartesian atate
space) (S]. We assame/a genersl case of n cooperatiag robots which are holdisg as object rigidly. This obdject
may also be coustraided from motion ia ose or more dimessions by am exterssl eaviroamest. Equativas of motion
are derived using the Lagramge multiplier tschaique. Referemces (6] and (7] provide ezcellent bdackgrouad for
this formsulatio It is sssuwed that each msaipulator is equipped vwith s force/torque sessor capable of
messuring three grthogossl forces and torqses ia a givea coordimate frame. The aim is to comtrol the positioa
of the object d its isteractioa forces with the eaviroamest ia the semse of hybrid costrol [8]. This paper
extends the préviously reported ressits in [9] by & more compact formmlatiom and by explicitly computing the
interaction ,forces between the robdots. Fiaslly, e simulation study for a psir of twvo-liask cooperatinmg
lnllplhtﬂrg"h presented to validate the smalysis.
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3. DYNANICS OF WULTIPLR COOPERATING ROBOT MANIPULATORS

In this seetieon, we will decive the dysemiecs oguations for s e10sed Xinematie shain formed by a
manipulatess zigiély graaping sa objest. Ve will scsume that esed manipslator has siz joints sad that mose of
the manipulators experiense singularity (i.0., degenezate manipulator Jaeobisn) as they pezfora s task. The
gresped object may Yo is sontast with s rigié eaviroament.

Is deriviag the eqsations of motios, wve will seseme that these ozists a ecerdisste frame whied is attached
to the odjeet. I faet, in the mext seetion, we vill sse this ceordimate frame to speeify the desired motion/
foree of the objeet. Vigure 3.1 shows & sehematie draving of this multiple masipulator systea.

Figure 2.1.

The dezivations of the equatioas of motios are ocomsideradly simplified whea a) ve use the Cartesian stete
dynamios equations [5.10), aad b) we lump the objeat mass/isertia imto that of the sixth lisk of the srams.

Lot ue begin with the well kaown equation of motion for a single sslti-1iak arm {9,10)

M) 3+ Ya.2) + 9 = x @.1)

where g € R® desotes the joint state variable, M(g) CREBZB {4 the imertis matriz whioh is symmetric and positive
definite, Y(g.Q)CR® is the cestrifugal sad Coriolis foroe/torque vestor, G(q) CR™ is the gravity vector, sad
LE€R® is the joiat force/torqee vector. Ia order to simplify the wordisg of the paper, we will assume that all
the joints are revolute and hence uves the term "torqee” whenm refersing to generalized joiat force/torque
vectors. The above equatios spplies omly to idealized friotioaless rigid azms.

In the first pazt of the derivation, we will consider sa object~fixed coordinste frame relstive to which
the dynamiocs equations will be written. We will also sssume thet the objeot has deen partitioned Iinto a
parts., Eaock of these parts will then be considered as & part of the last link of eaoch srs. PFigure 2.2
1l1lustrates one of these parts together with the last liak of arm i. :
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Figure 2.2. Schematic drawiag of the partitiomed losd aad its
integration with the last link of arm {.

1t ‘J‘ is the psendo-imertia matriz of the last lisk represeated ia the 1 coordimate frame, its represeata-~
tion ia the B frame is obtained from:

By

s, BT
i * E; Ky dm (2.2)
; last liak 4 ! !

Since the arms are comnsiderad to be rigidly attached to the losd, there is a cosstsat trassformatiom relatisg
the 1 and E frames, JI. It thea follows that

By - ir,(am,) 81 45T = By i7, it (2.3)
1 Ix.nunh £y tamy) (fr igy i g

vhere BJ‘ is the pseudo~inertia matrix of the last link of the ith arm expressed ia the E frame, Let us novw
assome thet “Jp; is the pseudo-imertis matriz of the ith partition of the load. This loxn that
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g1 = f ey Bxf dny (2.4)

pertition 1
where paztition 1 is as shove sedomatically in Figure 2.2. Utilisiang equatiens (3.3) sad (2.4), we ean aow
dofine o now 1ast 1iak for the ith axm whieh is essentislly the eombinstion of the eriginal last 1iak plus s
portion of the load Also mote that the eoordimste frame of the last 1iak is now B instead of the frame i
Although ia prissiple one ean use joist spase dynamies equations for the system of msitiple manipulators,

the dorivation is sonsiderably simplified when the so-ealled operxatiosal space formsistios (or Cartesisa state
spase dymamises) is msed, The reletionship detween the joint spase and the Cartesisn space formulation ean Ve
dosived simply dy stiliziag the masipulstor Jasobiss as [5,10):

=3 1.9
where J is the menipuiator Jasobian and 3 is the pesition/orientation of the last liak scordinats frame. The
Jacobias used here 10 & genezal one, meaniang that 030 ¢an eomsider it to be defined relative to the last frame,
the world frame, or ia faet any other desired frame, Takiag the time derivative of (2.35) results ia

LN is N1 2.6
Subetituting § from (2.6) imto (2.1), we obtaia

M(g) T lg) (F-Jg] ¢ Yg.2) ¢ Qg =%

or
My(q) ¥+ ¥e(g.9) + Q,40) = B a.n
where
M) = Ty ueg) rig) (2.8
Yyla.) = 7730 Y(g.@) - Mg 7Ha) Ta) gl 2.9
8.(2) =~ I'T(a) ¢ () (2.10)

Ia equation (2.7), F represests sz squivalent gemeralized foroce veotor applied at the end-poiat (E-frame), Let
us denote by £ the interactios gemeralized force veotor om one of the robot arms at the E~frame. The equations
of motion sre therefore

.,1(]‘) } !“(]‘,i‘) +Geilay) =By ¢ £y . 1=1,....0 (2.11)
Sinae f;'s are the latermal foroes orested st point E. their sum is zero.
[
z “ - 0
i=1
The equation of motion, therefore, may be obtaismed by simply addiag the equatioas (2.11)
s a i

1 M, ,(q)) 8+ T ¥,(a,.40 ¢+ % G la) = & ) (2.12)
oy i oy Yntfagea) ¢ F dgley) = IR

In order to simplify the notation, let us define

a

N . (Q) - &1 Maatay) (2.13)

a .

Y;(8.9 = lEI Yei(a4.9y) (2.14)
a

9,(9) - ‘E! 9,1(!1) (2.1%)

)
E= 5L B

where
Q- (!I. gI.....gz)

Now, equstion (2.12) caa be writtes im the simpler form
Me(9) % ¢ Y5(8.9) + 9,(@ = F . (2.16) .
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Note that M, is still a positive defimite matriz. The isteraction gemeralized forees, i.0. f;'s, osnm be
sompsted by solviag for 1 ia equation (2.16) snd substitutisg the resslts is (2.11)

£ = Wgyley) GHQ (- Y (0.9) - 6,(Q)
¢ Yoplagefy) ¢ Gaiay) - Bp » 4 =1,..008 (2.17)

In summsry, if the individusl joint torques sre gives, ome oan compute the equivsleat Ji's by stiliziag the
Jacobian matzlces. [Rquatiom (2.16) cas thea de used to solve the forvard dyssmios of the multiple arm systes.

Fisally, the iatersotioa forces cas be computed from equation (3.17). Iaplicit ia the above derivation are the
constraist equations

5= Biigy) = Blgy) ... = K (g)

where By is the forvard kinematics relation for arm i.

3. DINANICS OF NULTIPLE COOPERATING RODOT MANIPULATORS WITH EXTERNAL CONSTRAINTS

In this seotion we will derive the equations of sotion when the object that is being held by n robot
manipulators is im coatact with s friotiosless rigid eaviroameat. Lot C be a coordinate frame om the objeat to
represent the geseralized coustraist forces, This coordinate frame, im gemeral, will be distiamct from the E-
frame. With s slight modificationm, equation (2.16) oam be tramsformed so that the ger.ralized fores vector |
osn be repregented in the C frame. If E‘l’ is & homogeneons transforsation that relatss the < frame to the 8§
frame, then gl can be obtained to relate the gemeralized force vectors in theso two frames, The Jecobian matriz

is given from

- 2 .
. ct Boom0 X a
od - (3.1)
Lol @
where
E B
e ct Rq0m6
CT o | e | cemeeee (3.2)
[ o 1

In general, since the C-frame can be time 7arying, %l' and oonsequently C' are also time varying matrices. Let

F denote the position/orientation of the C-frame. Them
i -gi (3.3)
i,~gi+Ji (3.4
aad hence equation (2.16) is
M (@ R, v Y (9D ¢ (@ = 3.3
where .xc' Yior Ggq 010 defined by a set of matriz equations (2.8) - (2,10) with J replaced by SJ aad
E, - (enTE
Let us sssume that 0(3°)Cl'. m { 6, represents the constraint function swch that
#(x) =0 Ve 20 (3.6)
If we denote by ‘c the generalized coustraint force vector, then the equation of motion is
Mpg (@ 3o+ ¥po(9.9) + 070(Q) = B + £, 3.1

The coamstraint force {  cam be cbtalsed by noting that the virtwal work performed by {, is squsl to zero
aad by using the Lagrange multiplier method as discussed in (6] and [7).

The statement of virtual work is

15 6z, = 0 A (3.8)
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From the eomstrsiat equation (3.6) we ean write

»(z,)

8, =0 1.9
oz,

Ve oan mow ues the Lagrasge multipiier ACR®™ to relate (3.8) and (3.9) s»

(g7 - 2T :f-(:'-)- Jozg=0
TR
Sizes 83, 1s an arbitrary iafinitesimsl displacement vestor, it is mot equal to sero. Therefore
£, = 0Ty A (3.10)
vherze
D(z,) = og(z,) / o3, (3.11)
To find A, we differentiate (3.6) with respeot to time twiee
£(3,) = D(z,) 4= 0 (3.12)
$xy) = Nay) X, ¢ Dizg) 3o = O (3.19)
snd substitute for X, fros (3.7)
DlZg) 3o + Dizg) MHQ [ By ¢ DT(ag) A = ¥y0(R.0) = Ggo(@) 1 = 0
whiok gives A as
A = [ D(xg) MGA@ DT(z) 171 [ D(zg) IGH(Q) (¥,4(0.9) ¢ G0 ~ E) - Dzg) 3¢ ) (3.14)

Bquation (3.7) together with equation (3.14) completely charsoterize the equation of motion of the multiple
cgoperating rodot with exteras]l motion comstrainmts on the object,

4. CONTROL OF MULTIPLE COOPERATING ROBOTS

In this sectiom we will introduce a coatrol technique which is based oa the operatiomal space formulationm
to control the osition of the object and intersction foroes of the objeot with the extermsl emvizonmeat. The
spprosch presented hexe is based oa distributing the soctuation forces among the arms suoh that ¢ach arms
contributes to the motiom of the objeot and to its owa inertisl forces ia & predetermined manner. Lot us begin

by iatzoduwcisg a decoupling gemeralized force smch thst
Fo * ~1fea * Kpalfea = o) * Kgpllog = L)1 * Myg(@) [igq * Kpaliga™ da) * Kpplliea - %o’]
* Ygo(2,9) + GyolQ (4.1)
vhere f{ 4 is the desired intersctiom force vector between the object and the extermal eamvirommeat.
Ve must now show that the above choice for E, does result is the multiple robotic system folloviag the
specified trajectory and applying the desired forces om the constraint surfece., Ia order to simplify the
derivation amd without loss of geserality, let us sssume that the position and force subspaces are reordered ia

the equations such that the first 6-m elements of the position vector correspond to the position controlled
subspace sad the last @ elemeats belong to the force comtrolled subspace. This meaans that, for example,
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rl;‘- } 6=m
= |—1| {4.2)
L 0 l "
'i;ﬂ } 6=
fa= |—1° 4.9
ENERE
aad ‘
0] ) én
L4 | — ' (4.4)
[ Zea] ) ®
Lot uws partition the mass matriz as
" 9
4L Mg
Mo = (4.9)
| M1 N3 |
and its imverss as
N, M,
l;}‘ - (4.6)
[ %21 ¥ |

vhere luCl"' x 6-% ywith the above decompositios of the foroe-positiom subspaces, the D matriz (ses equatios
3.11) oas be writtem as

Dig) = (0] I, 1 .
and
D(zg) = 0 4.8)

¥ith the above choloce for o(;.). we csn mow ocompute the closed loop dymamics of the msltip.s saaipulator system
wita P as the generalized coatrol force veator gives by equation (4.1), Let us partition the aotual force.
socelerstion, and velooity veotors ss

‘01 1 iel
l. - ’ i. - + Ro - . 4.9)
L2 ¥ 1Y
and also select l,'. Kea- ‘l‘" l’, (1]
o o o o Ky O K o'I
Eta = s Egg = . Kpp o » Kpg - (4.10)
0 kg 0 kg o o o o]
where k“'o are dlagonal matrices. Fron equation (4.1) F, is givea by
' .
B = , - - T + + + Yoo * Gxo 4.11)
Lae keg 8¢ kep o 0 0 o

where g9 = L04 - fo2 and i, - l.éa - icl
The resction force L, can be computed by substitutiag from equatios (4.11) for f, ia equation (3.10) and (3.14).

After some manipulaiiom ui iLe oquations, ome obtains
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0
1, = . (4.12)
foa * krate * kqp 2t

Substituting from (4.9) for x., wve have

Lo2 = 154 * Reg 8¢ * Kep 2t
or

kre it ¢ (k" +1)ge=0

This result iasdicates that the gemerslized reaction force will be equal to the desired force. The control time
sonstant csn be designed by selecting the proper ke, snd ke, disgonal gein matrices.

Similarly, by substitsting from equation (4.1) imto equation (3.6) and usimg equation (4.12), we obtain
Bt Ypatpt Ky g
L)) -0 (4.13)
(]

This means that in the position subspace, the multiple manipulator system can be controlled by the proper choice
of the t" and kp’ matrices.

To summarize, a genmeralized force vector as givem by equation (4.1) was found such that both the position
of the object and its interactiom forces with am eaviroament can be controlled. Note that this equation does
sot specify bow the generalized force vector will be realized by s system of redundant sctuators of multiple
cooperating manipulators. One choice is to let esach arm supply enough torques at its joints to provide the
aecessary actuation for its own lisks plus a portionm of the object’s. Similarly, one can determine s priori how
aush each arm must contribute to the reslization of the interaction forces between the object and the
eavironment (for more details, plesse see Ref. 8). The intermal forces at the origin of the E-frame can also be
controlled in the positiom subspace by addiag force vectors to F; (see equation 2.17) such that one has

n
- -l "’{*EU

.

zE
=0
x-xi

This means that the total effec: of addimg the F’; does not affect the motion of the multiple manipulator system
while realizing the desired internal forces.

Environment
%

Fig. 5.1 Schematic Drawing of a Pair of Two-Link Cooperating MNanipulators

199



S. EXANPLE

Is order to validate the proposed theory, o simulation study ves undertaken, The model consisted of
simple plansr robotic system composed of s pair of two-liak revolute manipulators. The objeot was assmmed to
a poist mess attached to the upper 1iak of each of the manipulators. ace each manipulator has only t
degress of freedom, the object was sssumed to be in comtact with the upper links only through imtersction fore
rather tham through forces amd 'orques.

Two cases were considered. Ia the first case. {t was sssumed that there wecto no environmental cosstrsinmi
This cese represents a pure trassport probles where tvo manipulators cooperate in moving am object. Is t
second cave, as eavirosment was ssssmed vhich restricted the motion of the object in the x directiosn Is do
cases, the desired motion im the y directios was obtained from a comstant acceleration trajectory. The desir
motion in the x direction was set equal to the initisl s value (i.0., x = 0) in the first case, and the desir
interaction force betweea the object snd the eavironmest was set equal to zero in the sccond case,

The simulation of closed kinematic chains can either be performed by computing the interaction forces das

on the dynamics equations (such ss those developed in this paper) or by sssuming the existance of stiff sprin

~ (or spring-dashpot) at the contact points. Since in actual experiments, one uses force/torque semnsors to odta

these interaction forces (torques), the second approach is nsed in this stody. Figure 5.2 illustrates t

modeling of the contact mechanism between the npper links and the object and betweon the object and t
o;xleonncnt. Figure 5.3 shows the overall simulation block diagram.

~

Secuaen

(a) (b)

Figure S.2 Detailed modeling of the connections between (a) the arms
and the object, and (b) the object and the external constraint

Desired position Robov/ Desired position
and force Control )‘ cr(l!vuompcm )‘ and force
iscrete ynamics
_ o ) (Continuous
system)

Figure 5.3 Simplified block diagram of the simulation study

Although this paper does not attempt to sddress the digital control aspects of the problem, the simulation stu
was made more realistic by separating the coatinuous snd discrete parts as shown inm Figure 5.3.
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Figures 5.4 through 5.6 show the responses of the system for the following set of parameters sand control gaims.

1ink lengths = 04 {m) , equal for all leagths
l1ink masses - 4.0 [Kg] , for lower links
= 2.0 [Kg) , for wpper links
object mass = 2.0 {Kg) .
Initial joint angles: 054 = 30° 859 = 120°

o
05y = 150° , 8y, = -120

Position loop gains lpp = 4900.0 , lp‘ = 98.0

Force loop gains kep = 1.0 keg = 0

Spring constants 500,000 [N/m] for all of the springs
Damping constants 140.00 [N/(m/sec)]

Sampling period 1 msec

Figure 5.4 shows the tracking capability of ths object moved by the arms. Since the difference between the
position of the object and the tip of each upper link is insignificant, the plots show the desired vs. sctusl
position of the upper links. Figure 5.5 shows the tracking of the object in the second case (motion constrained
in the x direction). Figure 5.6 shows the interaction forces between the object and the environment. The
simulation study indicates that the control slgorithm developed in this paper yields excellent results. It must
be understood that several important practical problems such as friction, flexibility of the links and joints,
link pacameter errors, etc., were not included in this simulation study. Further research and study is
necessary to include such effocts.

PLOT of Load Position vs. TIME
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Figure 5.4 Pure Position Costrol with Cooperating Arms
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PLOT of Load Position vs. TIME
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Figure 5.5 Position Trackiz; in Position/Force Comtrol with Cooperating Arms
LOAD-ENVIRONMENT INTERACTION FORZES vs. TIME
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Figure 5.6 Force Tracking in Position/Force Control with Cdopoutin; Arms

6. CONCLUSIONS

This paper presented a theory for the position and force comtrol of multiple manipulators holding an object
which is in contact with an environment., The derivation is for n manipolators each having six degrees of
freedom. The control is bassed on the Cartesian formulation of the arm dynamics and extends the single~arm
bhybrid position/force control concept to the case of multiple arms. Simple but realistic simulation studies
confirmed that the developed control concept results in excellemt position tracking and force coatrol.

202
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