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Abstract. This paper proposes a multibody approach to model and simukee dynamics of
large cable robot, considering hefty cables. Each cablagsrdtized into finite rigid segments
interconnected by ball joints including small stiffnesslalamping effects. This finite-segment
model also involves the development of a simple winding ntiodednsfer the mass of the first
translating segment onto the rotating drum. The choice efréguired number of segments to
use is a key issue that is also discussed in this work. Thigskgan is based on the comparison
of ten models involving one to ten segments per cable raggitheir static equilibria, their
behavior when the platform is elevated and their eigen fraqigs. Finally, an application is
proposed to simulate the control of the chosen model. Atixiguasi-static analytical model
is also used for comparison and to devise the control styateg
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1 INTRODUCTION

Parallel cable-driven robots mainly consist of a mobiletfplan connected in parallel to a
base by cables (see Fig. 1). Each cable is wound and unwouactbgted winches which are
generally fixed to the base. The winches control the posdiwh orientation of the platform
by modifying the length of their respective cable. Since dkerall mass and inertia of the
moving parts are reduced, cable robots exhibit interegtirogerties compared to rigid-link
robots. According to their size and practical realizatithiey may be less expensive and easier
to build, transport and reconfigure.

Figure 1: Fatronik/LIRMM prototype of a 3-meter-side 6-atobot.

Another useful property of cable robots is thewalability. Indeed, cables with small to very
large lengths are easily stored on drums permitting thézegain of parallel cable-driven robots
with a workspace of global dimensions ranging from a few tescocentimeters to hundred of
meters. In this research project, we are interested in aegglcable robots (e.g. 20 m), possibly
carrying heavy to very heavy loads (e.g. 100 kg). In pracBaeh manipulators may be used in
aircraft or shipbuilding industries to improve safety and ihe costs of some operations such
as welding or painting over huge distances.

The goal of this work is to simulate the dynamics of large eabbots with a robust and accu-
rate model in order to improve mechanical design and canBiolce heavy loads are involved,
the mass of the cables must be taken into account in the mededlbaas their flexibility and ex-
tensibility. This is particularly true when the platform ssas small compared to the cable mass,
e.g. when the manipulator is unloaded. Cable dynamics hasdiadied for various applica-
tions such as large telescope antenna [3], marine vesselgdgg), flexible marine riser [4] or
towed-aerial-cable sensofs [7]. In the context of multjpdgnamics with large deformations,
a lumped-mass model is usually chosen for its computatieffi@iency [4] and the ability to
simulate the pay-out/reel-in process[[2, 7]. Similar toltimaped-mass model, a finite-segment
model is proposed in this work to take into account bendirg) sagging effects. A variable-
cable-length model is then devised to simulate the payrerltin process. This model can be
refined to consider the extension and possibly the torsidgheo€ables.

The paper is organized as follows. In Secfion 2, the modekftytcables is studied from
different points of view. A multibody approach with finiteggaents is developed in Section|2.1.
An analytical model taken from_[5] is described for quasitist behaviors in Sectiodn 2.2. In
Section 2.B a simple model is devised to consider the wingimgess of the finite-segment
cables around the drums. After this general modelling, eudision is proposed in Sectibh 3
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to choose the number of segments required to discretizele. CHfree situations are therefore
analyzed in Sectiorls 3.1 o 8.3: a comparison of the statidibda, a simple simulation to
lift up the platform and a modal analysis. Once the numberegirents is determined, the
application of the finite-segment model is illustrated irct8m[4 to design a controller based
on the quasi-static model of Section|2.2.

2 HEFTY CABLE MODELLING

This section will present first two approaches to model hedtlgles: a multibody approach
for the dynamics and an analytical model for quasi-statltab®rs. Next, a simplified model
of the winding process is proposed.

2.1 Multibody dynamic model using finite segments

Figure 2: Multibody model a large 20-meter-side 6-cabletalsing 10 segments per cable.

As depicted in Fig[]2, a suspended cable-driven robot ctnefsn (m > 6) cables to
manipulate the six degrees of freedom of the platform. Eadhecis discretized inta rigid
segmentsr = 6 andn = 10 in Fig.[d). These segments are interconnected by ball joints
including small bending stiffness (e.g. 0.01 Nm) and smethding coefficients (e.g. 0.01 Nms)
as shown in Fid.]3. Note that most lumped-mass models nebkest bending terms. The value
of these coefficients will be determined experimentallye Ball joints connecting the cables to
the base and to the platform are assumed to be ideal (e.gctiorfr no backlash). A prismatic
joints is inserted between the first segment of each cablehendorresponding base ball joint
to pull or slacken the cables. Future work will include adbshal prismatic joints between the
segments to consider the extensibility of the cables.

The full multibody model of the robot is generated thanksadhe Robotra® software,
which provides the equations of motion in a compact symbiain using recursive algo-
rithms [6]. This has been done for a variable number of segsn@mposing the six cables.
The total number of degrees of freedom is substantial, mgrfiom 42 for one segment per
cable to 204 for 10 segments. A discussion about the numbseghents required for an
sufficiently accurate model is developed in Sectibn 3.

2.2 Analytical quasi-static model

In this Section, a simplified analytical model of a cable rolith hefty cables is described
for a quasi-static behavior. All the results are summarizenh [5]. It does not consider the
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Figure 3: Finite-segment model of a hefty cable.

T e

dynamics of the cables but the dynamics of the platformfitssat be taken into account as an
external wrench (forces and torques) applied to the system.

When the mass of the cables is significant compared to the n#ss lmad, the cables are
not taut in general but are sagging between both attachro@rtspin that case, the cable profile
is determined by the cable length, the position of the attemstt points as well as the tension
in these points. Computing the inverse kinematics of thetriiihus not straighforward since
cable lengths and applied forces are completely coupledHdyvever, under some assumptions,
the authors of [5] have proposed the following simplified gjtstatic model in which tensions
and lengths are decoupled.

Figure 4: Platform and notations.

Let us consider the cable robot of Hig). 4 whose platform isxeated to the base hy cables.
These cables are assumed inextensible and are attachexlliag inA; and to the platform
in B;. They are sagging in their respective vertical pl&dor their dynamics is disregarded.
According to these conditions, the static equilibrium o flatform of a parallel robot driven
by m cabbles on which an external wrenghis applied, is satisfied when:

WLETJJ - fe - fcaba (1)
where:
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e W, is a 6 bym matrix defined as:

q1 qz am
W, = e 7 2
[ Qb xq1  Qbyxqo Qb,, X g, ] @

. T . .
with g; = [ cosy; sinv; tanf |, v corresponding to the angle between the unit
vectorsz; andx, andjy; being the anble betwees} and the chord4; B;;

e T, IS @ vector containing the horizontal componengsof the tension in the cables is;:
T
Ty = { T, T2, Timg } (3)

e f..» IS awrench vector accounting for the sum of cable weightrdautions:

: (4)

N fi
fcab_Z[Qbixfi

i=1
with f; = [ 0 0 pogL;/2 }T.

In the previous definitions, matri& is the rotation matrix from the inertial frame 4 to frame
R p attached to the platform anf; is the distance of the chord; B;. From Eq[l, tension
components, can be obtained as:

Ty = W;E_l (fe - fcab) . (5)
It is shown in [1] that this model is valid only if the ratioesare smaller that one, i.e.:

L ‘
ri:pog <1Vi=1,...,m, (6)

Tliy

wherep, is the linear density of the cables ands the norm of the gravity vector. From this
validity ratior;, the actual lengths of each cable are now computed as corrections with respect

to L;:
P2
( o4 TG0 " ) (7)
Finally, the normr,; of the tension of the cables iA; can be obtained with the following
expression:
L; 2
Toi = \/7'1%1 + <pog — Ti;, tan 501') : (8)

This will be useful to estimate the needed actuator torgses $ectiohl4).

2.3 Winding process model

To simulate the winding process with finite-segment cabhes propose to model it as a
mass transfer between the cable and the rotating drum asdtad in Figl 5. Indeed, when the
first rigid segment of the cable is pulled or slackened, phittraust be respectively wound or
unwound onto the drum (see gray parts in Elg. 5). Therefbeeptass of the first rigid segment
increases (resp. decreases) and the mass of the spoolstec(essp. increases) proportionally
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Figure 5: Mass transfert from the drum to the first cable segmile unwinding the cable.

to the displacement of the cable w.r.t. the supporting ball joint. The transteneassAm can
thus be written as:
Am = py x, (9)

wherep, is the linear density of the cable.

Practically, a variable punctual mass is added'ito model the variation of the first segment
and a variable hoop is added on the circumference of the dyumotlel the winding/unwinding
of the first segment. More precisely, the mass is transfeeddden both additional bodies. If
R denotes the position vector 6f of the additional mass on the first segment, its equation of
motion is:

i(AmR)::Amg+Fc (10)

spiR+pzR = parg+F., (12)

whereg is the gravity vector and'. is the constraint force providing that the translatiorGof
is half the translation of the first segment. On the other hdod to the mass transfer, the mass
of the additional arc on the drum becomedm, i.e. a moment of inertia of Am r? about
the axis of rotation. Assuming no slipping of the cable ongpeol, the rotatiod of the drum
is kinematically constrained by the positierof the prismatic joint actuating the first segment.
This constraint equation is:

i=r. (12)

Following this kinematic constraint, the rotation angletlué hoop is half the rotation angle of
the drum, since the position @f is half the position of the first segment in translation. The
scalar equation of rotation of the hoop becomes:

d ,0
7 (—Amr 2) = T (13)
@—POI'TZZ—PoxTQZ = T, (14)

whereT, is the constraint torque required to rotate the hoop at halfvelocity angle of the
drum.

For a horizontal displacement of the first segment, it canhezked by virtual works that
constraint effortd". andT, yield opposite contributions, meaning that these arenalebrces.

6
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Indeed, virtual displacemenis of the segment andV of the drum lead to the following virtual
works:

-2

F.b6x — po% 5x+p0mg(5x (15)
N ,0
T.00 = —poir 5(59—p0xr 5(59, (16)

which are exactly opposite when considering constrainy (12

The effects of this winding model will be analyzed in the apggion of Sectiom 4.

It should be pointed out that if the cable length increasegbbeé the length of the first
segment, a new segment should be inserted in the model. Gehyehe reduction of the cable
length should involve the withdrawal of a segment. Sincddpelogy of the multibody system
is thereby modified, a new system of equations of motion shbelconsidered. The transition
would have to be carefully performed with appropriate alitionditions for the integration of
the new differential equations. However, this eventudidg not been considered in this work
but is a future perspective of this research.

3 HOW MANY SEGMENTS FOR THE DYNAMIC MODEL OF THE CABLES ?

To analyze the effect of the numberof segments, 10 models have been built with one to
10 segments in each cable. Except the size of the segmdrtsesd models share the same
geometric features: the positions of the drawing paihtef cables on the base and the positions
of the attachement poinf3; on the platform. They are reported in Table 1.

x(m) y(m) z(m)
A, 1155 0.00 6.00
A, 1155 0.00 6.00
A; -5.77 10.00 6.00
A, -5.77 10.00 6.00
As -5.77 -10.00 6.00
As -5.77 -10.00 6.00
By 058 -1.00 0.00
B, 058 1.00 0.00
B; 058 1.00 0.00
By -1.15 0.00 0.00
Bs -1.15 0.00 0.00
Bs 058 -1.00 0.00

Table 1: Positions of pointd; in inertial frameR 4 and B; in body-fixed frameR 5 (See FiglHh).

Since experimental data are not yet available, stiffigsand dampingD, parameters of
the ball joints between the segments are chosen at a sma# dapending on the number of
segmentsk, = %0180 and D, = %0LNms,

In the following, the 10 models are compared on the basisrekthbriteria: the static equi-
librium height of the platform, a simple dynamic simulatiand a modal analysis. This will
enable us to choose the required number of segments.



Jean-Francois Collard, Johann Lamaury and Marc Goutiefard

3.1 Static equilibrium

For each of the 10 models, the static equilibrium is computéid 12-meter constant lengths
of the 6 cables. The equilibrium height of the platform isrtltempared to the value obtained
with the analytical model of Sectidn 2.2. The results angstiated in Figl$6. It is observed
that the equilibrium height increases with the number ofrsagis. From 6 to 10 segments, the
value does not change significantly and remains differembfthe analytical value drawn with
a dotted line. Let us notice that the one-segment model dategeid an equilibrium but rather
the closed-loop configuration of a rigid mechanism.

1.45- 1

=
I

1.35

Platform height (m)

=
w

1.25

1.2

1 2 3 4 5 6 7 8 9 10
Number of segments

Figure 6: Equilibrium height of the platform for 12-meteties w.r.t. the number of segments in each cable. The
dotted line denotes the equilibrium obtained with the atieay model of Sectioh 2]2.

3.2 Afirst simulation

Starting from the equilibrium configurations obtained i fbrevious Section, a first sim-
ulation is carried out. The input torques actuating the wascare the same for each model.
They are computed from the inverse dynamics of the one-seigmedel so that the platform
is elevated one meter in two seconds from the initial equilin pose. To simulate a criti-
cal case, the mass of the unloaded platform (10kg) is lowertthe mass of the six cables
(6 x 3.6 kg = 21.6 kg).

The comparison of the 10 models is illustrated in Eig. 7. Theessegment model exactly
follows the prescribed trajectory. A discrepancy of moratl20 cm between the one-segment
model and the 10-segment one can be observed, showing th@haedelling the cable bend-
ing for control purposes (see Sectidn 4). As in the previaiSn, the behaviors of the models
are very similar from 6 to 10 segments. From 2 to 10 secondsrafigtion, oscillations occur
because of the small damping factors and the relatively Igpletform mass with respect to
the cable mass. Finally, it should be noticed that the cufwbe 2-segment simulation does
not exhibit higher-order eigen frequencies than the 10rse simulation. This last effect is
analysed in the next Section.
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Figure 7: Simulation from the equilibrium height with 12-taecables, applying the input torques to raise the
platform one meter higher. The one-segment model exadttyfe the prescribed trajectory.

3.3 Modal analysis

In order to give a more accurate description of the 10 modeispdal analysis is performed
about the equilibrium configurations obtained in Sectigh Fart of the resulting eigen fre-
quencies is reported in Tallé 2. It obviously shows an irggnganumber of modes with the
number of segments. Depending on the application and tredf/gimulation, a cut-off fre-
guency is chosen and thereby a number of segments. In ouotksge cable robot, motions
are relatively slow but the effects of oscillating cables mnportant when controlling the pose
of the platform. This will be illustrated in the next Section

mode 2seg. 3seg. 4seg. 5seg. 6seqg. 7seg. 8seg. 9seg. 10 seg.
number (Hz) (Hz) (Hz) (MHz) (MHz) (Hz) (Hz) (H2) (Hz)
7 105 103 101 100 099 099 0.99 0.99 0.99

11 - 172 165 160 157 156 155 154 1.53
15 - - 260 253 245 240 236 2.33 2.31
18 - - - 343 335 325 317 311 3.06
23 - - - - 429 426 416 4.06 3.99
26 - - - - - 5.12 512 5.02 4.90
30 - - - - - - 595 6.00 5.90
33 - - - - - - - 6.77 6.85
38 - - - - - - - - 7.59

Table 2: Partial eigen frequencies of the six-cable robot.vthe number of segments in each cable.

In the following, considering the current application ngeal model with 6 cables is chosen
(see FiglB). It provides a good trade-off between accumatgrims of the three studied criteria
and the model complexity (e.g. CPU time of simulation).
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Figure 8: Multibody model of the large 6-cable robot usinge§raents per cable with dimensions defined in
Tabled.

4 APPLICATION TO CONTROL DESIGN

It is proposed to design a simple controller for pick-andegl applications. The basic idea is
to use the results of the simplified quasi-static model agyed in Section 22 as a feedforward
component with a PID controller to adjust the output by fesdk This strategy is illustrated in
Fig.[9. In this Figure, the different variables are:

e x,: the desired pose of the platform;

e ;. the desired torques computed with the analytical model,

e oy the angles of the winches also computed with the analyticalel;
e «,,. the same angles measured on the robot model;

e (Q: the input torques applied to the six winches.

Qu
*d + Q Robot m
Inverse + PID (
€Tq —> . .
¢ Quasi-Statics controller x Direct

Dynamics

Figure 9: Control diagram.

Given the platform pose,, the linear density of the cables and the positions of trechit
ment points, the actual lengthof the cables can be computed thanks to EQs[2 to 7. Moreover,
the normry; of the cable tension at the drawing points can be obtaindd Rdt[8. Then, the
outputs of the inverse quasi-statics block finally reswltrfr

Qai = Toi Ry (17)
li
Xy — Rw 5 (18)

10
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whereR,, is the radius of the winches and= 1, ...,6. The gains of the PID controller are: 3
(proportional), 1 (integral) and 0.5 (derivative). These probably not optimal but tuning the
best controller is not the goal here. The following examglerily illustrative of the importance
of an accurate model to devise the control strategy.

In our example, the task of the robot is to displace the urddadatform of 10 kg from point
(00 1.4102]7 to point[0 1.5 1.4102]" with an average velocity of 0. In details, the motion
planning is divided into three parts:

1. vertical motion fron0 0 1.4102]7 to [0 0 2.4102]7;
2. horizontal motion fromo0 0 2.4102]7 to [0 1.5 2.4102];
3. vertical motion from{0 1.5 2.4102)% to [0 1.5 1.4102]7.

Each parts of the planning is determined by a five-order pmtyial in position to ensure zero
velocities and accelerations at both start and end poirtte. tatal trajectory is achieved in 7
seconds. The vertical and horizontal motions are plottdedri4. The corresponding actuator
torque of the first cable is plotted in Flg.111.
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(a) z-position (b) y-position

Figure 10: Evolution of the platform position.

In general, the results show the difficulty to control thegookthe unloaded platform because
of the bending oscillations in the cables. This disturbaegearticularly observed at rest after
the displacement of the platform to the end point. Thesdlagons will restrict the dynamics
of this pick-and-place motion. It is also interesting to @he the effects of the winding model
developed in Sectidn 2.3. In terms of position of the platfpothese effects are relatively low.
However, it affects more the behavior of the actuator toscqageshown in Fig. 11.

5 CONCLUSIONS

In conclusion, the modelling of large cable-driven robais been performed in a multibody
approach. Each hefty cable has been descretized into figitesegments interconnected by
ball joints. This has lead to large models with more than 18§reles of freedom. Such models
have been generated thanks to the Rob&#taoftware which provides the equations of motion
in a symbolic compact form. To refine the multibody model, wheding process of the cable
onto the rotating drum has also been modelled. A simple bigrimass transfer between the

11
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—— without winding model
—— with winding model

Actuator torque (Nm)

35 : :
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Figure 11: Evolution of the first actuator torque.

cable and the drum is considered. Beside this multibody madednalytical quasi-static model
is also summarized from|[5] to compare the results and toldp\tae control strategy.

Following that multibody modelling, the issue about theuiegd number of segments in
each cable has been discussed. Ten models with one to teesisgmer cable have been com-
pared in three situations: the obtained static equilibrfangiven-length cables, the behavior
of the model when elevating the platform as well as their eifyequencies. The number of
segments has been chosen as a trade-off between theseeukte and the model complexity.
Finally, as application, the chosen model has been sintitatdesign a controller based on the
aforementioned quasi-static model. It has shown the irapo# of the model to highlight the
disturbances due to the oscillations of the cables.

In terms of prospects, this model can still be refined comsigehe extensibility of the cable
and adjusting the stiffness and damping parameters acgptaliexperimental data. For larger
motion, the model should be carefully extended to insertithdvaw segments in the cables.
The proposed control strategy is only illustrative and $th@lso be improved before using it
with the future prototype.
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