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Abstract—The dynamics and control of a cable-suspended,
two-arm robotic system are developed for an entertainment
application. One manipulator arm is controlled to ful ll a user
de ned task. The secondarm is then controlled to compensate
for the disturbances on the cable-suspendedpblatform arising
from the motion of the rst.

Model-based feedforward control, stemming from the
momentum consewration equations of a free- oating robot, is
developedfor the motion compensationproblem. Furthermor e,
due to model uncertainty, sensorbased feedback control is
intr oduced, to accountfor undesired oscillatory motions of the
system. The latter control problem reducesto the dissipation
of the oscillatory energy of the system,by meansof adequate
robot control. Both control methods are implemented and
tested on an experimental set-up.

I. INTRODUCTION

Cable-suspenderbbots have a wide applicationfor ma-
nipulation in large workspacesand where actuationneeds
to be performedon targets dif cult to reachfrom ground.
Examplesncludeinspectionandrepairin shipyardsor trans-
port of externally suspendedoads on helicopters[1], [2].
The problemsof path tracking and of oscillation damping
are then of interest.Control may be performedwith direct
actuationof the suspensiorcables[1], [2], or as proposed
here, with a momentumcompensatingelement,such as a
suitably actuatedmass.A patrticular caseis that of using a
robot manipulator This addsinterestingaspectsyelatedto
entertainmentoboticsandto multiple-armfree- oating robot
control.

This work develops a control method for a cable-
suspendedwo-armrobotic system thoughtfor an entertain-
ment application. Two six-deggree-of-freedommanipulators
are mountedon the oppositefacesof a suspendeglatform,
parallel to the ground (seeFig. 1). The goal of the control
is to allow onerobot, the mastey to performa userde ned
six-degree-of-freedomtracking task, such as dusting a car
positionedon an elevated platform beneathit. The second
robot, the slave, then compensateor ary disturbanceson
the platform which arise from the motion of the master
The desiredendresultis that the platform remainsstationary
during robot operation.
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Fig. 1. Experimentaket-upof two-armcable-suspendesl/stemthe master
is provided with a long duster the slave with a heary dumbbell

This control problemhastwo main componentsthe rst
relatesto the ideal motion compensatiorof the two robots,
which canbe solved with a model-base@pproachandfree-
oating robotdynamicsithe secondelatesto the suppression
of the systemoscillations,which heremay arisefrom model
uncertaintyor implementationerrors, solved with feedback
control.

Thedevelopedcontrolmethodis appliedto the experimen-
tal set-upshowvn in Fig. 1. Thetwo 6 d.o.f.robotarmshave a
distinctive upper/laver elbov arm structure,giving rise to a
compensatiomproblemalsorecognizedn [3] to be dif cult.
The addedcompleity arising from the oscillatory motion
element,is treatedwith a control law basedon passvity.

The paperis divided into four subsectionsthe rst de-
scribessomerelatedbibliograpty, the secondthe theoretical
aspectof the control methodsthe third the implementation
aspectswith a descriptionof the experimentalset-upandthe



fourth the experimentalresults. The paperis closedwith a
conclusionssection.

1. BIBLIOGRAPHY

Some works of relevance to the compensationcontrol
problemincludethoseonfree- ying robotdynamicsasin [4]
and[5]. In the rst, a spatialdynamicmodelfor a multiple-
armfree- ying robotwith reactionwheelsis derived. Motion
controlof the6 d.o.f.armsis thenaddressedyperatingoneto
tracea given pathand a secondto minimize the operational
controltorqueof thereactionwheelsto maintainthe attitude
of the basebody x ed. The formulation of the solution
is basedon the inverse kinematics on accelerationlevel.
In [5], the full planar compensatiorproblemis considered
for a robot with two three-jointarmsalso extendingin the
plane. The momentumconseration equationsare usedand
emphasisis given to avoiding singularitiesof the compen-
sating robot. However, in all casesthe joint kinematic and
dynamic constraintswhich strongly limit the workspaceof
the compensatingobot, are not addressed.

In [6] theinversekinematicgproblemfor a single-armfree-
ying systemis analyzedin detail, basedon a momentum
conserationformulation,althoughagain only attitudemotion
of the spacecrafis of interest.On the vibration suppression
by meansof arobot,in [3] the problemof end-efector path
trackingandof vibrationsuppressiofior macro-minimanipu-
latorsis addressedn both casessolutionsareprovided with
useof the robot reactionnull space which is not applicable
here since the tasksof the masterrobot are generally six-
dimensional.

I1l. METHOD

The equationsof motion of a two-arm free- oating robot
are rst describedFor the purposeof the motion compensa-
tion control problem, theseare then relatedto the momen-
tum conseration equationsfor the equialent system.The
equationsof the cable suspendeaystemare then formally
describedFinally, basedon thesederivations,the theoryfor
both aforementionedaontrol problemsis presented.

A. Equationsof motion

1) Dynamic equationsof the free- oating system: Con-
sider the systemdepictedin Fig. 2. The inertial frame of
referencds denotecby fO', €' g. Its relationto the platform
bodyframeof reference O°, €g is describedy the position
vectorr © andthe orientationmatrix A °, parameterizedor
example by Euler anglesA® = [A2; AS; AJ], and suchthat
e = A%e!. Vector quantitiesare here expressedin the
inertial coordinateframe, suchthat for exampler® = r%e!.

The con guration of the i" robot is describedby the
column matrix i, the elementsof which describethe j "
revolute joint position !, measuredelative to an arbitrary
initial referencecon guration.
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Fig. 2. Con guration and referenceframesof the cable-suspendexbot

Consideringnow the free- oating robot dynamics,i.e.
omitting gravity and the suspensiorcables,let the platform
statevariablesbe collectedasfollows:

y, = [r% AT GO

Yo = [v7 (1)
wherey, andy,, arethe position and velocity statevari-
ablesrespectiely. The formal equationstructurecanthenbe
written as follows [4]:
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whereM is thecon gurationdependeninertiamatrix, C the
con guration dependentvector of centrifugal and Coriolis
terms and ¢, the vector of external actions acting on the
degreesof freedomy | ; l1; Y2 of the whole system.Further
more, the subscriptsp, r; andr, relateto the platform, the
masterrobot and the slave robot respectiely, suchthat, for
example,M , 2 RCG£3) s the inertia matrix which relatesto
the platform.

It is corvenienthereto bring out the dynamic coupling
betweenthe robotsand the platform. As such,from Eq. (2)
it follows that:

Mpyj + Cp = I'Mprlféii Mprzﬁf 3

2) Linear and angular momentumequations: Consider
now again the casewheregravity andthe cablesare absent.
This is the free- oating caseseenabore, for which the laws



of conseration of linear and angularmomentumyield the
following relationshipbetweenthe platform and the robot
velocities[4]:
© 0
My 1 0 =i Mp, B2 i My, He; (4)
assumingeroinitial momentumThis equationwhichis rst
integral of Eq. (3), canbe rewritten as:
S0
po TJdiHat Jo e (5)

wherel; is a Jacobiarmatrix of thei™ manipulatoyrelating
basebody and joint motion.

3) Dynamic equationsof the cable-suspendegdystem:
Finally, introducing now the cablesand gravity, the nal
equationsof the systemformally become:

Mplll + Cp = iMprlﬁii MprZ&Z*' G + F.; (6)

where the time dependenimatrix G representshe gravity
force vector and F. the vector of cable forces (always
positive) respectiely.

For the resolutionof theseequationsusefulfor simulation
purposesthe cablescanbe modeledaselasticsprings.How-
ever, the dynamicsof the cableselasticity is not of interest
here, as it is assumedthat their elongation is negligible.
Suitable choice of the stiffness parametersin the spring
model will give the desiredphysical behaior, althoughthe
resulting numericalstiffnessof the equationsleadsto long
computationatimes.

Notethattheabove formulationsarealsousefulfor thefact
that the robotsare controlledthroughtheir built-in industrial
controllers.As such,the control commandsare designedat
ajoint velocity level, ratherthanat a torquelevel. This gives
rise to delaysin the controller performanceas describedn
the resultssection.

B. Feedforwad CompensatiorContol

For the compensatiorcontrol problem,the systemmay be
idealized as free- oating. The assumptionis in fact made
thatit is initially atrest.In caseof perfectknowledgeof the
systemparametersa reactionlesamotion of the two robots
can be determinedwith a model-basedpproachlin fact, if
the slave robot can perfectly compensatdor the actionsof
the masteron the platform, thenthe latterwill ideally always
remainstationary Any diversionfrom this is thereforeseen
as an error, to be compensatedvith the feedbackcontrol
actiondescribedn sectionllI-C.

1) Free- oating system: Following is the descriptionof
the compensationmotion control for the general uncon-
strained case.Considerthe conseration of the linear and
angularmomentumof a free- oating system,expressedin
Eq. (4). The solutionto the six-dimensionamotion compen-
sationproblem,wherep; = W4 (t) is anassignedunctionin

time, is given by the condition:

vo ’
jo =0 (7)

and Eq. (4) simply yields:

Hesol = i |V|pr2i1 Mopr, Ha: (8)

Sucha solutionalways exists aslong asmatrix M pr, is non
singular As we will see however, the physical constrainton
the system(joint actuationlimits) are suchthat only a very
limited setof thesesolutionsare practically feasible.

2) Constrined free- oating system: For the constrained
cable-suspendeslystem,the formulationis modi ed as fol-
lows. Since, by applying suitableoperationalconstraintson
the robots,the platformis constrainedn the vertical transla-
tional andin the horizontalin-planerotationalmotions,either
by the cablesor by theweightof the entiresystemthenonly
the remainingdegreesof freedomneedto be compensated
for. In fact, for the vertical translationalmotion, the robot
inertial forceson the platform would have to overcomethe
weight of the system(see Eq. (6)). Likewise, for the in-
plane rotational motions, the robot inertial momentsabout
a given pivoting side of the platform would have to exceed
that generatecy the weight of the system.Dueto the large
massof the experimentalsystemused,theselimitations turn
out to be very unrestrictve andwere thereforeignored.

To solve the constrainedcompensatiorcontrol problem,
Eq. (4) canthenfor examplebe written asfollows:

2 o 3
0 VX
Be M 9 'y
1 0
4

0 0
gzi[SEG]Mprl Mai BeeMpr, He;

9)
wherethe primed matriceshave beenobtainedby the rela-
tive termsin their fully six-dimensionalcounterpartqtheir
dimensionsare de ned by the lower left-subscript).In this
example,all joints of the slave robot are used(more will be
saidaboutthis pointin subsectiorll-B.4). Therefore setting
the left-hand side to zero, as required,givesrise to a least
squaregroblem.

3) Full quadmtic programmingformulation: In practice,
kinematic and dynamic supplementaryconstraintson the
slave robotmotion enterinto the problem.Theseareinequal-
ity constraintswhich relateto the joint positions,velocities
and accelerationsA quadratic programmingproblem can
then be formulated, where the kinetic enegy of the slave
robot is to be minimized:

min i(He) = 5 ueT Mo, b (10
K2
whereM ., is theslave robotinertiamatrix, andwith equality
andinequality constraintsas follows:

Mpr, Hi+ My, He=0 (11)



HiZmin ' U—i2 ' HiZmax (12)
I-Li 2min ° FLI 2" |-|--I 2 max (13)
ﬁl 2min * ﬁ\l 2 ﬁl 2max - (14)

The joint positionsand accelerationgan be linearly related
to the velocitiesby simple numericalintegration or differen-
tiation, i.e.

u'2(t) Wo(ti et)+ o) ot (15)
Mo(t) = ()i wo(ti ¢t)=¢t; (16)

where¢ t is equalto the samplingrate of 12 ms. As suc@,
for the given optimizationproblem,the optimal solution L,
is unique,sincethe matrix M , is positive de nite [8]. This
solution locally minimizes the weighted norm of the joint
velocities,implying that no internal motionsresult.

4) Compensatiorlimit and kinematic decouplingof the
slave robot: It turns out that the physical boundson the
slave robot joints make the range of mastermotionswhich
can be compensatedatherlimited. This is due to the robot
kinematiccon guration, which givesriseto a strongcoupling
in the joint motions for the actions exerted at the base.
Practically compensatingorcesor torquesaloneis simple,
but compensatingoth simultaneouslyis not. Nenche also
pointsthis out in [3].

This fact can be simply viewed as follows. Consider rst
the casein which only the rst three joints of the slave
robot are used,for which now M, ° 2 RGE3) in Eq. (11),
which for our purposewould simply needto be inverted.
Furthermore,if we imagineto have a sliding disk in place
of the slave robot, actuatedn the two translationaldegrees
of freedomof interest,and which is also allowed to rotate
aboutits axis of symmetry thenthe samematrix would be
diagonalandthe compensatiotimit would be decoupledor
eachdirection.This couldactuallybe aninterestinghardware
implementationfor different industrial applicationsof this
robotic system.Instead,for the robot klnemat|cssh0/vn in
Fig. 3, wherethe rst joint is revolute, matrix M p;, *includes
off-diagonal elements,which give rise to the strong joint
coupling.

A judicious initial slave robot con guration is a rst
measureto improve the solution of the inversekinematics
problem.This canbe chosenby the condition:

Ya

min - = —;
Ho Ys

7

where- is the conditionnumberof matrix M przo, while ¥4
and ¥ its largestand smallestsingularvaluesrespectiely.
This favors a well-conditionedinverse,for the resolutionof
Eq. (11).

A furtherdevelopmentinvolvesthe decouplingof the slave
robot kinematics.This in turn involves choosinga particular
con guration of the wrist joints. In fact, by selectingjoint 5

Fig. 3. Kinematicsof KUKA robot

suchthatjoint 6 is alwaysalignedwith the vertical, i.e. (see
alsoFig. 3)

B=ii B  k=0; (18)
ensureghat the latter's action only appliesto the rotational
degreeof freedomof the platform. This way, joints 1,2and3
canbe appliedto compensatéor the translationdisturbances
on the systemand the decoupledoint 6 canthendealwith
the remainingrotationalelement.

Mathematicallythe solutionis asfollows. Let Eq. (11) now
become

00

0 0
BeeMpr, Ha + 3£ 4Mypr, [1£4]I-'-2 =0; (19

where the double primed matrix M prz ° has dimensions
(3 £ 4 and|.L 2 isa (4 £ 1) vector containingthe r st
three andthe last robot joint velocities(the effect of joint 5
is herenegglectedfor simplicity). The conditionsin Eq. (18)
guarantedhat the rst two rows of Eq. (19) can be solved
independentlyof 1S, giving a solution for joint velocities
K2 and s, Then thelastrow of Eg. (19), which includes
all termsof |,L2, canbesolvedin 1§ for the previously found
solution of the rst three joints. As will be shavn in the
resultssection,this con guration wasfoundto be successful
for a wider rangeof motionsof the masterrobot.

Equationg10)-(14)(or (19) in placeof (11)) canbe solved
for subsequentime stepsto obtain a solution for a given
masterrobot motion. The solution can be usedto partly
validate the feasibility of the compensationwith respectto
the motion constraintsThe global optimizationof kinematic
redundang was however not addressedhere.

C. Feedbak Oscillation-SuppessionControl

The solution in the previous sectionis only suitablefor
feedforward control. A feedback control is necessaryto
accountfor modelingand implementationerrors during the
execution of the task which, due to the effect of gravity,
give rise to an undesiredoscillatory motion of the platform.
The feedbackerror then consistsof the platform motion, the
measurementsf which are provided by a camerasystem



placedabove it.

Here, the aim of the controller is to add ary necessary
compensationyia extra slave robot actuationto accountfor
the platformmotiondisturbanceWe rst considetthesimpler
casewherethe slave robot only hasto dissipatethe enegy
of the systeminitially setin oscillation. Then,the extension
to the dualtaskof compensatindor the mastemrobotaswell
asthe oscillation suppressiorns addressed.

Let usthenanalyzethe rst problemin the framavork of
passie systemsand considerthe speci ¢ caseof passiity-
basedposition control, asdescribedn [7]. The Hamiltonian
of the platformis

1
Hp=§)L|TMpL + U(yr); (20)

wherey, andy; representhe platform positionandvelocity
statesrespectiely (cf. Eq. (1)), M its inertia matrix (cf.
Eqg. (6)) and U (y,) its potential enegy (this includesthe
gravity forceterm G andthe term of cableforcesF.).

It is straightforvard to statethat the platformis in itself
a passve system.In fact, Eq. (20) showvs that its total
enegy has a boundedminimum in the stationaryposition
of interest, since the potential enegy is referencedto an
arbitrary constant.This position, without loss of generality
may be given by r® = 0;A° = 0, for which the gravity
force term G is zero. Furthermore,if the condition holds
thatv® = 0;! 0 = 0, thenthe systemis in equilibrium since
no actionsresult.

The HamiltonianH , alsosatis esthe following equation:

Hp = vy v; (21)

wherev representghe external nonconserative forcesand
torques.This implies that the platform is passve from the
input v to the outputy,,. Dampingis then introducedto
asymptoticallystabilizethe system:

v=iKagy ; (22)

where K4 > 0 is a diagonal matrix. Equation (21) then
becomes
H—p: ilITKdll: (23)
From Eq. (6), it follows that the control forces on the
platform arising from the robot are

VziMprzﬁﬁ; (24)
(cf. Eq. (6)).
EquatingEq. (22) and (24) givesthe soughtrelationship

Yi = Ky "My, iy (25)
Equation(23) thenbecomes
Hp = i &ETMprzTKdilMprz&?3 (26)

If the matrix productM o, Kg4' 1 M p, is always positive-

de nite, thenexpression(26) is negative semi-de nite,andby
useof La Salle’s invariancetheorem the asymptoticstability
of the equilibrium canbe proven [7].

To this purposejt is a known resultthat a real symmetric
matrix, B, is positive de nite if thereexistsarealnonsingular
matrix, M , suchthat

B=MTAM ; (27)

aslong asA is alsopositive de nite [9]. This argumentcan
beextendedo thematrixJ, = M ' M pr,» Sincethe matrix
M, is positive de nite. It is thensufcient thatthe Jacobian
matrix J; is never singularto satisfythe necessargondition
above.

By judicious choice of the gain matrix K 4, for a given
maximum platform oscillation, the slave robot motions are
small enoughto ensurethat a singularity is never met. This
is of courseat the expenseof the platform motion damping.

Fromthe above reasoningt follows thatif Eq. (25) holds,
thentheplatformmotionis asymptoticallystable . The control
input is thenchosenas:

z t
“2 =

5

dt ;

0
V- mes

i1
Mp,' "Kyg (o
. m

(28)
es
wheresubscriptmes' refersto measured/alues.

For the combined control problem, the local solution
is chosenas the sum of that from Eq. (11) and that of
Eq. (28) (the latter may also be modi ed by an equwvalent
expressiorof M, for thekinematicallydecoupledaseseen
in subsectionll-B.4).

IV. EXPERIMENTAL SET-UP

Details of the experimental set-up are given in Fig. 4.
Two global camerasplacedon the ceiling above the system
deliver the position and velocity of the platform via pattern
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Fig. 4. Detailsof the experimentalset-up




recognitionwith a samplingrate of 80 ms. The two KUKA
robot controllers(KRC) arecon gured for a synchronization
periodof 12 ms,usingthe KUKA Ethernet-baseRoboTeam
Technology (showvn in Fig. 4 as interface 'A"). The data
transfer also synchronizedn a 12 ms period, betweenthe
externalsensorcomputerandthe KRC-computersis realized
by the Robot Sensorinterface (RSI).

V. RESULTS

A. Reactionlesgontrol: comparisorbetweemon-decoupled
and decoupledrobot kinematics
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Fig. 5. Comparisorbetweenthree-jointand decoupledour-joint compen-
sation:dashdoblackline - masterrobotmotion; solid blueline - slave robot
decoupledmotion; dashedblue line - three-jointslave robot (terminatedat
time t=3.4 sec.dueto joint position constraints)

Fig. 5 shavs numerical solutions for the compensation
problemwith a three d.o.f slave robot, as rstly described
in sectionlll-B.4, andfor a four d.o.f decoupled-kinematics
robot as describedby Eq. (19). It is evident that the second
solutionis moresuccessfudndthatalreadyfor thevery small
mastemotionshown, no feasiblesolutionis foundin the rst
case.However, a high velocity of joint 6 is requireddespite
theload with large inertia. In fact, dueto the relatively small
size of the inertia of the sixth link, a saturationlimit on the
velocity of the joint of 18 radians/secon@vasintroduced.

B. Reactionlessontol with decoupledrobot kinematics

In Fig. 6 an example master robot maneuer for an
entertainmengapplicationis shavn. The maneuer is for the
robotdustinga car placedbeneathit. For the rst 30 seconds
the masteris not actuatedto allow for the slave to dissipate
ary residualoscillatory motion of the system.Note that all
masterrobot joints areactuatedwithin a reasonableangeof
their workspace.

The effect of the slave robot feedforward compensatioris
shavn in Fig. 7. The poor performancen the rotation can
be attributedto the velocity saturatiorlimit of the sixth joint.
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Fig. 6. Masterrobot joint positionsfor cardustingmaneuer
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Fig. 7. Platformmotionfor cardustingmaneuer: left-handside- no slave
robot control; right-handside - slave robot feedforward control

In Fig. 8 the casesof only feedbackand feedforward with
feedbackare shavn. Note thatthe rst caseperformsbetter
than the second.This is due to the coupling betweenthe
platform rotational motion and the translationalmomentum
equationsintroducedby matrix M o, 1 in Eq. (28), such
that the rotationalerror is also constrainedoy the rst three
joints of the slave robot, insteadof only by its last joint.
However, the entertainmenglementor the obserer might
also have some say in the choice of one or the other
control method.Note that the slave motion is perhapsmore
interestingin the feedforward-feedbaclkasethanin the mere
feedbackcase,asshavn in Fig. 9.
Implementationerrorsmay be due to modelingmismatch
(parameteruncertainty some elasticity in the cables), but
alsoin the low-level robot control (note that velocitieswere
commandedynd in the cameratime delays. This problem
was efciently overcome by substitution of the platform
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Fig. 8. Platform motion for cardustingmaneuer: left-handside - slave
robot feedbackcontrol only; right-hand side - slave robot feedbackand
feedforward control
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Fig. 9. Slave robotjoint positionsfor entertainmenmaneuer: dottedblue
line - feedforward-feedbaclcontrol; solid black line - feedbackcontrol

position measurementswith velocity measurementsthus
reintroducingthe requiredphaselagn the control law (c.f.

Eq. (28)). This was allowed by the fortuitous ratio between
the time delay and the oscillation periodsof the system.

C. Enemgy dissipation

Fig. 10 shavs examplesof the slave robotfeedbackcontrol
for the dissipationof the oscillation enegy of the system
initially in motion. For the caseon the right-handside, the
robot is not actuated,shawving the natural dissipation of
the system.On the left-hand side, two examplesof enegy
dissipationare given for parametersetskK 4 =[1.0, 0, O; O,
1.0,0; 0, 0, 300.0]andK 4 =[0.5, 0, 0; 0, 0.5,0; 0, 0, 50.0]
respectrely.
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Fig. 10. Enegy dissipationcontrol. Right-handside: no control; Left-hand
side: dashedblack line - slow dissipation,solid blue line - fastdissipation

VI. CONCLUSION

A control method was developed for the reactionless
control of two robot manipulators,with a distinctive up-
per/laverelbon armstructuremountedon a cable-suspended
platform. A feedforward componentvasdeterminedvith the
momentumconseration equationof a free- oating robotin
the planeandwith kinematicdecouplingof the compensating
robot, to reducethe limitations arisingfrom the joint motion
constraintsA control law was presentedor the dissipation
of oscillation enegy in the system,basedon passvity, to
accountfor the compensationerrors arising from model
uncertaintyand from implementatiorerrors.
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