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Abstract

The dewelopmen of autonomous air vehicles
can be an expensiwe researd pursuit. To al-
leviate someof the nancial burden of this pro-
cess,we have constructed a system consisting
of four winchesead attached to a certral pod
(the simulated air vehicle) via cables| a cable-
array robot. The systemis capableof precisely
cortrolling the three dimensional position of
the pod allowing e ectiv e testing of sensingand
cortrol strategies before experimertation on a
free- ying vehicle. In this paper, we presen
a brief overview of the system and provide a
practical cortrol strategy for such a system.

1 Intro duction

Over the past seweral years, the CSIRO Robotics Team
has expended considerableenergy into the developmert
of a low-cost autonomous air vehicle in the form of a
60 size RC helicopter, seee.g. [Buskey et al., 2003. As
with much of the researd in eld robotics, a large pro-
portion of this work has related to solving engineering
problemswhich, to someextent, hasbeenat the expense
of conducting researt. Although most of the engineer-
ing problems have beenovercome,including for example
vibration isolation for sensingpods (seee.g. [Dunbabin
et al., 2004) and the designof a low-costinertial sensing
unit, experimerting with air vehiclesstill remains prob-
lematic. Hurdles include the requirement for a skilled
pilot to catch the aircraft in the evert of a failure and
the inevitable repair expensedn the caseof sud failures.

As a means of reducing developmert time and in-
creasing researt productivity, this paper describes a
cable-array robot for air vehicle simulation. Cable-array
robots, also known as cable-driven or cable-susgnded
robots, are de ned asthoserobots which cortrol an end-
e ector using multiple actuated cables. An example of
sudh a systemis shown in Fig. 1.

Cable-array robots possessseweral advantages over
traditional serial or parallel robot medanisms. Firstly,
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Figure 1: An example of a cable-array robot. By chang-
ing the length of the cables,the certral pod's position
can be controlled. Diagram adapted from [Bossder and
Ebert-Upho, 20044.

cable-array robots can operate over much larger
workspacesand provide higher performancein terms of
relative stiness and speed. They have fewer moving
parts and can handle large loads relative to total robot
weight. Disadvantagesof cable-array robots include pos-
sible cableinterference, possibleinaccuraciesat the end-
e ector due to cable stretch, limited force application
in the downward direction, and the requiremert for an
overheadspace.

The application scope of cable-array robots includes:
building and maintenanceof large constructions; cranes;
materials processingand handling; clean-up of disaster
sites; monitoring and inspection of built ervironments;
and humanitarian de-mining. However, the purpose of
the robot described in this paper is to investigate vision-
basedcortrol algorithms for aerial vehiclesincluding:

static/mo ving target tracking

autonomouslanding



posestabilization
insect-basednavigation strategies
terrain following and

collision avoidance

1.1 Literature Review

To constrain an end e ector with n degreesof freedom,
cable-array robots require n + 1 cables. In most cases,
gravity can be considered as acting as a ‘virtual ca-
ble', providing cortrol over additional degreesof free-
dom. There are then two classesof cable-array robots,
constrained and under-constrained systems, depending
on the number of degreesof freedomcortrolled. As fully
constrained systemsrequire more cables, the available
workspace is reduced due to limited force application
at speci c positions in the workspaceand the increased
risk of cable interference. Increased computation and
medanical complexity can also limit the scope of suc
systems. An exampleof a fully constrainedsystemis the
NIST RoboCrane[Albus et al., 1993. In this system,an
object (end-e ector) is suspended by six cableswhich,
with the addition of the gravity vector, constrains the
six degreesof freedom of the object. Other systemsin-
clude the FALCON system of [Kawamura et al., 1995
and the WARP system[Maedaet al., 1999 both of which
usesewen or more cablesto completely constrain the de-
greesof freedomfor the end-e ector.

Under-constrained systems are more popular in the
literature due to their relative simplicity and larger
workspace availability | this is of course at the ex-
penseof degreesof freedom. A striking example of an
under-constrained cable-array robot is the SkyCam sys-
tem [CFInFlight, 2004 usedin many sporting arenas
around the world. SkyCam consists of a certral pod
housing serw electronics and a camera. The pod is
driven around the stadium with a set of four computer
cortrolled winches. Control of further degreesof free-
dom in the systemhas beenadded by providing on-pod
processingand serwing for cortrolling the camera'sroll,
pitch and yaw, in addition to the position control pro-
vided by the cable-array system.

Besidesthe SkyCam system, most under-constrained
cable-array robots have been restricted to simulations
and small laboratory experimernts. Ebert-Upho et
al. [Bossher and Ebert-Upho, 2004b; Reichel and
Ebert-Upho, 2004;Bossder and Ebert-Upho, 2004a;
Riechel et al., 2004 have recertly focused on stability
measuresand the force feasibility analysis of workspaces
accessibleby cable-array robots. Howewer their work
is highly theoretical with no evidence of testing on a
real system. Likewise,Havl ik [Stefan Havl k, 1999 pre-
serted an under-constrained cable-array system for a
construction application but to date this work has been

limited to theory.

Gorman et al. have provided theoretical work in the
analysis of the dynamics of cable-array robots [Shiang et
al., 1999 and strategies for optimally distributing the
forces amongst the cables [Shiang et al., 2004. The
force distribution algorithm is formulated as an optimi-
sation problem | computational limitations may pre-
clude real-time operation and results for this work have
beenlimited to simulations. Later work by the sameau-
thors includesthe application of a sliding mode cortroller
to an under-constrained cable-array system [Gorman et
al., 2001. Results on a relatively small scale, four wire
cable-array system indicate good path tracking with a
relatively straight forward sliding mode cortroller.

Yanai et al. have presenied anti-sway cortrol strate-
giesfor the simplest form of the cable-array robot, the
overhead crane [Yanai et al., 2001; 2004. Compar-
isonsof manual cortrol versustheir dynamic compensa-
tion method shaved a marked improvemert in the end-
e ector trajectory but the complexity of scaling the al-
gorithm to dealwith more than one cable could prove to
be a hurdle for real-time operation.

This paper describes the dewvelopmern of the CSIRO
Air Vehicle Simulator (AVS) systemand toucheson our
preliminary cortrol strategy for the system. Section 2
describesthe systemarchitecture and brie y outlines the
winch design. Section 3 briey presens the kinematics
for the caseof a four-cable robot, while Section 4 out-
linesthe rst attempt at controlling the system. Section
5 presens some concluding remarks and outlines direc-
tions for future researd.

2 System Design and Arc hitecture

The AVS is a four wire cable-array system covering a
workspace of approximately 12m long by 8m wide by
6:3m high. The pod position can be controlled by three
winches, the fourth winch is usedto increasethe avail-
able areaof operation. This meansthat at any onetime
there is a redundant cable and a strategy is required
to deal with cable slackness. This section describes the
system architecture and design.

2.1 Arc hitecture

The basic system architecture is shown in Fig. 2. Each
of the four winches consists of a Baldor motor, gear-
box and drum in combination with a Baldor motor-
drive. The motor-drive is commanded and cortrolled
by a HC12 micro-cortroller which in turn receivescom-
mandsfrom a certral cortrolling computer via CANbus.
The cortrolling computer gathers all the feedbad from
the winches,and, using the systemkinematics, estimates
the pod's position. The cortrolling computer alsoissues
commandsto ead of the winches, basedupon the feed-
badk and on the demandsrequestedfrom either the pod
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Figure 2: The architecture of the AVS system.

or another user. The Dynamic Data Exchange (DD X)
system [Corke et al., 2004 lies at the heart of the soft-
ware architecture allowing the exchangeof data between
separately running processes.

Feedba& of the system state includes the motor en-
coder, an absolute position obtained from a potentiome-
ter coupledwith the winch drum, and cabletensionsens-
ing. The HC12 and winch setsare con gured to accept
and executedemandson cable tension, position and ve-
locity | this allows for testing of a variety of cortrol
strategies.

2.2 Winc h design

The AVS system has been designedto accommalate a
pod load of approximately 10kg and to quickly acceler-
ate to a nominated top speedof approximately 3ms *in
any coordinate direction. Brushlessmotors were found
to provide the right combination of torque and speed
for the application and are coupled with 10:1 planetary
gear-setsto minimise system badlash. When coupled
to the winch drum (which has a diameter of 0:15m),
the system is capable of delivering line speeds of ap-
proximately 3:3ms ! and a peakline tension of approx-
imately 1750N. Figures 3(a) and 3(b) show conceptual
and actual views of a winch unit. The motors are driven
by sinusoidal drives(BALDOR MicroDriv e) and are con-
nectedto standard 240V power.

The drum is designedto accommalate the full length
of required cable in one layer so as to minimise errors
in cablelength estimation intro duced by the multi-la yer
case. In addition, a spring-loadedroller pushesagainst
the drum to prevert the cablefrom jumping o the drum
groovesin the event of lossof cable tension.

The winch assenbly and drive units have been de-
signed such that they mount directly onto I-beamsand
connect to the certral pod via an overhead pulley for
ead winch. Fig. 3(c) shavs a complete single winch
assenbly with its assaiated HC12 and drive unit asin-
stalled in the testing arena at the CSIRO QCAT site.

Cable tension managemen t

During the design phase, the managemen of slak ca-
bles was highlighted as a critical issuefor which a two-
pronged strategy was devised. The rst strategy wasto
manage cable tension via feedbad control. The second
wasto ensurethat the cablewould not drop of the winch
drums by the intro duction of a spring roller systempush-
ing the cable against the drum.

Tension feedba& cortrol involved designing meda-
nisms for the measuremen of cable tension. The mo-
tor/gearb ox/drum setshave beenmounted such that un-
der cable tension, the mounting bracket rotates about a
xed point, if not for two tension bars preverting rota-
tion. Thesetension bars are strain-gauged and provide
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Figure 3: The winch assenbly.

Figure 4: The alternativ e sensordeveloped for cableten-
sion estimation.

an estimate of cable tension. Of course, motor acceler-
ation in uences these measuremets but we have found
that a simple median Iter eliminates most of these ef-
fects.

An alternativ etension sensorwasalsodevelopedin the
form of a three pulley systemasshawn in Fig. 4. In this
system, two of the pulleys are xed whilst the third is
mounted such that the tensile force exerted by the cable
onthe pulley canbe measured,again using strain gauges.
Initial testing of this device indicated that although it
producedlessnoisy tension measuremets, this attribute
was counterbalanced by the added complexity and cost
to the overall system.

In practice, managing cable tensionsvia feedbad was
found to be e ectiv e with winchesin isolation. Howevwer,
when all cableswere connectedto the pod, the winches
tended to " ght' ead other. The secondstage of the
cable managemen strategy, that is the spring roller sys-
tem, hasin fact beenfound to be good enoughto prevent
cablesfrom jumping o the drums and tension cortrol
has beendiscarded.

2.3 The Pod

The AVS pod is essetially a cage which housesthe
igh t-computer, sensors,and batteries to power all on-
board systems. The designis both light and strong and
provides exibilit y for carrying or mounting dierent
sensorsand componerts. Once commissioningis com-
plete, the pod will carry asits basecon guration:

minilTX igh t computer
Firewire cameras

EiMU | a small CSIRO designedInertial Measur-
ing Unit [Jonathan Roberts and Buskey, 20074



Figure 5: The pod for the AVS which carries the on-
board computer and sensing.

with the facility to t avariety of other sensorsand com-
ponerts. In terms of on-board power, batteries have
been selectedto allow testing for 1 to 2hrs between
charging or battery substitution.

Additionally , the pod has multiple cable attachment
points allowing for testing of di erent control strategies.
For example,is it better to treat the pod as a point mass
or should further degrees of freedom be controlled? Ad-
ditional degreesof freedom could also be cortrolled by
adding a panf/tilt or similar mechanism aswith the Sky-
Cam system mertioned in Section1.1.

3 System Kinematics

The position of eac winch pulley is known a priori and
with the cable length estimatesprovided from appropri-
ately scaling the motor encader court, the problem of
estimating the pod position in the work spaceis one of
trilateration. The dimensionsof the workspaceare ap-
proximately (referring to Fig. 6):

a = 12m
b = 8m
h = 63m

For the caseof treating the pod as a point mass,the
length of ead cable can be described in terms of the
position of the pod and the position of the assciated
pulley point [Gorman et al., 2001:

X2+ (y v+ z)? ()

where (X; y; z) is the pod position and (Xx;;Vi; z) is the
position of the top of the ith pulley. Here, the origin
of the coordinate systemis de ned with respect to the
certre of the ground-plane of the workspace.

12 = (x

Figure 6: The geometry of the AVS system. Winches
have been omitted for clarity. Cable lengths are mea-
sured from the top of the pulleys.

The position of ead of the pulleys is given by:

(X1;y1321) = (Ta;;;h)
(X2:¥2:23) = (;,g;h)
(X31y3i23) = (g;g;h)

(Xa;yai24) = (g; Zb;h)

In terms of cable lengths, given a speci ed pod posi-
tion (X;y;z), the required lengths (i.e. the inversekine-
matics) are:

q
N A L,
Vi 2 TR G
s = L 82+l Bz by
b = (o DPH+ DI hp

Theseequationscanbe usedto pre-calculatethe required
cable lengths for a given pod position. In eect, the
cable lengths will form the state vector for the cortrol
system. Solving for the inverse kinematics requires a
choice of which cablesare active, as the systemis over-
constrained. Here we choosecables1, 2, and 3 for which
(x;y; z) are given by:
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Figure 7: Switching point for cable cortrol.

Note that the equation for z is left in terms of x and y
and the solution takenfor z ensureshat z  h. Dieren-
tiating theserelations leadsto the following expressions
for cable velocity:

le = Fxx+3 +yy+2 +z(z h)
lo = Fxx+5 +yy 3 +2z(z h
— 12 a b (4)
3 XX 3 +yy 3 +z(z h)
e = £ XX §+yy+3 +2z(z h)
4 Control

As mentioned previously, assumingthe pod acts as a
point mass, at any one time there is a redundart ca-
ble. To selectwhich cablesare in cortrol of the pod,
the strategy used here is to divide the workspaceinto
two triangular prisms where the split is de ned by the
diagonal plane connecting pulleys 1 and 3, asillustrated
in Fig. 7. Of course, the workspace could be divided
into four triangular prisms but this increasesthe num-
ber of switching points in the system which could lead
to additional chattering type problems.

There are two modes of pod cortrol, position and ve-
locity. Each caseresults in a seriesof cable velocity de-
mands which are then sert over CANbus to the individ-
ual winches. Paosition cortrol is simply a further loop
around the velocity cortrol and thus velocity cortrol is
discussedrst.

4.1 Velocity control

In velocity cortrol, a user speci es Cartesian velocities
which are then corverted to cablevelocity demands. Ini-
tially, the Jacobiantype approad, asgiven in Equation

4, was used. Howewer, it was found that this strategy
lead to signi cant drift type problemsin which the re-
dundant cablewould becometoo slack after someperiod
of operation.

An alternativ e strategy has since been implemerted
in which cable velocities are calculated in terms of posi-
tion/cable length errors. That is, givena speci ed Carte-
sian velocity, (x_;y—;z.), and knowledge of the pod's
presert position, an estimate of where the pod should
be at the next time step is calculated. Cable lengths
are calculated at the estimated future position, from
which cable velocities can be calculated (given knowl-
edge of the control loop cycle time and the presen ca-
ble length). Mathematically, the pod's presert cable
lengths, If, are measured,from which the pod's Cartesian
position, (X¢;V:;z) can be calculated through Equation
3. Thus, given a set of Cartesian velocity demands, we
can estimate the pod's position at time t + t:

Xge ¢t = Xp+ Xt (5)
YVis &t = Yty t (6)
Zty t+ = Lttt Z t (7)

Cable lengths are then calculated at the estimated posi-
tion via Equation 2. Cable velocities can then be found:

Lttt
L= (®)
t
Pod motion resulting from these equations is ex-
tremely smooth, as can be seenin Video 1.

4.2 Position control

Position cortrol allows for the attainment of a userspec-
i ed desiredpod position together with a maximum ve-
locity. This is implemented as a loop around the ve-
locity cortroller described above, in which a trap ezoidal
velocity pro le is found from the initial and demanded
positions.

Experiments prove the e ectiv enesof this rather sim-
plistic cortrol approach. Fig. 8 shows the trajectory of
the pod given a demandedposition, while the ewolution
of cable lengths is showvn in Figure 9. The rst mo-
tion was speci ed to occur with a maximum velocity of
0:3m=s, while the second motion has a maximum ve-
locity of 0:4m=s. The motion is smooth and relatively
accurate although it must be remenbered that position
is calculated from cablelength and hencewill inherit any
inaccuraciesin cable length measuremeh

5 Conclusion

The dewvelopmen of autonomousair vehiclescan be an
expensive and frustrating task due to reliability issues
and the catastrophic cost of any failure. Cable-array
robots provide an ideal testing platform for autonomous
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position.
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Figure 9: The ewlution of cable lengths payed out at-
taining the pod position of Fig. 8.

air vehiclesas they allow an excellert range of motion
and provide good position cortrol. Testing can proceed
without the risk of damageto expensiw aircraft compo-
nents or the needfor a suitably quali ed testing pilot.
This paper has preseried the design and implemen-
tation of a four cable systemwhich currently allows for
control over three degreesof freedom. The system is
currently undergoing commissioning. Further researt
will include testing and dewvelopmen of suitable cortrol
strategiesfor the AVS and the investigation of constrain-
ing further degreesof freedomin the system. It is en-
visagedthat this platform will provide for much further
researt in autonomousair vehicle sensingand cortrol.
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