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Design of a Suspended Manipulator with Aerial Elliptic Winding

Ethan Niddam!, Jonathan Dumon?, Loic Cuvillon', Sylvain Durand!, Stephane Querry?, Ahmad Hably?,
Jacques Gangloff!

Abstract— Art is one of the oldest forms of human expression,
constantly evolving, taking new forms and using new techniques.
With their increased accuracy and versatility, robots can be
considered as a new class of tools to perform works of art. The
STRAD (STReet Art Drone) project aims to perform a 10-meter-
high painting on a vertical surface with sub-centimetric precision.
To achieve this goal we introduce a new design for an aerial
manipulator with elastic suspension capable of moving from
one equilibrium position to another using only its thrusters and
an elliptic pulley-counterweight system. A feedback linearization
control law is implemented to perform fast and accurate winding
and unwinding of an elastic cable.

I. INTRODUCTION

Using robotic arms to reproduce human artistic techniques
has attracted much attention in recent years. Different ap-
proaches have been tried such as observational portrait [1],
using a camera as an eye to observe the subject or using
visual feedback to control the quality of painting, in grayscale
[2] or with colors and multiple layers [3]. The ability to
automatically mix colors has been tested in [4] as well as
watercolor techniques on a canvas [5]. Drawing on a non-
planar canvas has been studied in [6] using first impedance
control, then implementing surface estimation to decrease
the distortion on the final result [7]. A humanoid robot has
been used to perform graffiti art on a wall [8], extending
the achievable horizontal workspace by cutting the painting
into subsections thanks to the ability of the robot to move
horizontally. The TSP-Bot [9] is also based on a mobile
setup to perform colorful graffiti by combining stippling and
the Traveling Salesman Problem art (TSP art) techniques.
However, mobile manipulators and humanoid robots remain
grounded, limiting the vertical scale of the artwork achievable
by such systems.

Cable-Driven Parallel Robots (CDPRs) and Unmanned
Aerial Vehicles (UAVs) are both capable of performing tasks
over large horizontal and vertical ranges. The construc-
tion CDPR presented in [10] has an almost planar vertical
workspace greater than 96 m? with centimetric and sub-degree
positioning accuracy. It uses 8 winches mounted on 4 crane-
like structures secured to the building. A CDPR has been
used to replicate an artist movement captured with an optical
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motion capture device (mocap) to perform spray painting with
great precision on a wall [11]. The Paintcopter [12] is a
commercial quadcopter holding a custom spray gun controlled
by mocap feedback to paint on a non-planar surface. In [13],
multiple UAVs are collaborating to paint a large-scale artwork
by allocating a part of the whole painting to each robot. The
stippling painting technique has been tested with a UAV in
[14]. The same authors tried to extend the painting autonomy
of their system using a tether in [15]. In all these works, the
UAVs are quadcopters. Their underactuation usually impacts
the painting task accuracy negatively. CDPRs, on the other
hand, are more accurate and have unlimited autonomy. But
they are usually more complex to install.

Hybrid systems combining a CDPR with a UAV have
recently started to emerge. UAV thrusters have been added to
CDPRs to improve the system dynamics, to damp oscillations
[16] and to increase the wrench feasible workspace (WFW)
[17]. This hybridization yields simpler systems, e.g. using only
two cables and two thrusters [18], [19], to accurately control
the effector within a large workspace. Simplifying further the
CDPR leads to limit the number of cables to the only one re-
quired to compensate for gravity, as with the Suspended Aerial
Manipulator (SAM) [20] Aerial Manipulators with Elastic
Suspension (AMES) have been developed to decouple the slow
dynamics of the anchoring point from the fast dynamics of
the aerial vehicle (AV) thanks to an elastic linkage [21], [22].
Omniplus AVs allow for generating an omnidirectional wrench
by using a limited number of unidirectional thrusters [23]. The
SAM and the AMES are both using a 8-thruster Omniplus AV
optimized to maximize the reachable workspace (RW) [20],
[22]. The equilibrium point (EP) of those manipulators can
be controlled by a carrier like a CDPR [24], a crane [20]
or a quadcopter [25], [26]. The AVOCADO robot [27] is an
underactuated two rotor AV suspended under a quadcopter. It
uses a servomotor to wind the cable on an onboard winch in
order to change its EP without external actuation.

To further simplify this concept, we propose in this work
a new design for an AMES that allows for controlling the
EP position using only the onboard thrusters. This is achieved
by winding and unwinding an elastic cable around an elliptic
pulley only actuated by rotating the AV around its principal
axis using its own thrusters. A counterweight is used to
generate multiple EP every 360 deg of the pulley rotation. With
our approach it is theoretically possible to extend the reachable
workspace infinitely in the vertical direction, the only limit
being the cable length and the height of the anchoring point.
The existence of multiple EP evenly distributed vertically,
allows for minimizing the energy consumption for the painting
of a large vertical artwork.



To summarize, we believe that the proposed system is
simpler and easier to install than CDPRs, it is more energy-
efficient than UAVs and, unlike aerial manipulators, it does not
rely on an external carrier like a crane or a motorized winch
to move vertically. So, the main contribution of this paper is a
novel, low-cost and energy-efficient winding technique based
only on aerial actuation for fully actuated suspended aerial
manipulators. Furthermore, the usage of this system is not
limited to painting. Indeed, this system is compatible with all
tasks involving a large vertical surface, such as inspecting or
cleaning building facades.

The remainder of the paper is organized as follows. The
design of this specific AMES, called the STRAD robot, is
presented in Section II. The dynamic model is developed in
Section III. The feedback linearization control law is explained
in Section IV. Finally, experimental results are presented and
discussed in Section V.

II. DESIGN

As stated above, the STRAD robot is an AMES. The
elastic cable restoring force helps for compensating for the
aerial vehicle’s weight which in turn decreases the thrusters
energy consumption. Furthermore, the low stiffness of the
cable allows the AV for moving freely from the cable upper
anchoring point. The lower the stiffness, the larger the reach-
able workspace of the AV around its equilibrium point (EP)
when considering a static anchoring point [22].

A CAD view of the proposed AV design is shown in Fig. 1.
It is divided into five main parts:

o A central carbon-fiber tube.

o The painting tool which has not yet been implemented,
will be located at the end of the carbon-fiber tube next
to the batteries.

e An eight-thruster Omniplus (Oi) aerial wrench gener-
ator using the optimized propeller orientation found in
[20] and [22]. Its plane has been rotated vertically and
positioned far from the future painting tool to minimize
the risk of potential propeller/wall collision.

« An elliptic pulley mounted on the carbon-fiber tube.

o Two battery packs (one that powers the embedded com-
puter and the other, heavier, that powers the motors)
which are offset from the carbon-fiber tube axis to act
as a counterweight.

The counterweight is used to compensate for the moment
generated by the traction of the cable on the pulley, thus
creating a rotational equilibrium. Multiple EPs exist, which
are angularly spaced by exactly one turn of the pulley. This
feature, which is the main contribution of this work, will be
explained in detail in section III-B. Since there is an EP every
turn of the pulley, these EPs correspond to equidistant vertical
positions. The power needed by the thrusters to regulate the
AV at one of its equilibrium position is theoretically null.
Thanks to the elastic suspension, moving vertically the AV
between to adjacent EPs uses a minimal amount of energy as
well as moving the AV horizontally away from the nearest EP.

Most of the main components are clamped on the carbon-
fiber tube, to make maintenance easier. The Omniplus frame

Elliptic Pulley

Omniplus
design

Fig. 1. CAD view of the STRAD robot (dashed blue line = elastic cable)

Fig. 2. Frame definition (subscript “f” for “fixed” and “b” for “body”)

has been designed like a standard octocopter frame, using two
main 3 mm thick carbon-fiber plates and 6 mm thick carbon-
fiber plates for the arms. The remaining parts have been 3D
printed using ABS filaments.

III. MODELING
A. Frames and notations

The inertial frame respects the NED convention, meaning
the &y axis is pointing North, the ¥, axis is pointing East
and the Zy axis is pointing Down as shown in Fig. 2.
We define Ry = (Gy,Zf, 3, Z¢), the inertial frame with
its plane (¥r,Zy) parallel to the vertical plane of the task,
Ry = (Gv, v, Up, 2») the body frame and G is the center
of mass (CoM) of the AV. The coordinates of G in R; are
G =0 g, 0]T. The point P; is the intersection of i" motor
axis with the plane of the Omniplus frame. The point Gy
is the intersection of a plane perpendicular to the pulley axis
containing the points P;, and the pulley axis. Let us also define
p= fpb/f =[xy 2|7 as the linear position of G, expressed
in Ry and 7 as the orientation of R; with respect to Ry using
Roll (8,), Pitch (6,) and Yaw (6,) angles (sequential rotations
about inertial frame axis Zy, ¥y and Zy). The coordinate z
will also be referred to as the altitude in the following. The



Fig. 3. Planar schematic view of the elliptic pulley and counterweight
system at an equilibrium point (G is on the axis z'y)

symbol [-] is used for the dot product and the symbol [x] for
the cross-product. The notation “d refers to the coordinates
of vector d in frame R,. Matrix *R, is the rotation matrix
between R, and R, such that °d = *R,, - *d.

B. Elliptic Pulley and Counterweight

In this section the choice of an elliptic shape for the pulley
is discussed. The counterweight allows for compensating the
elastic cable torque around the main axis at the equilibrium
position. We suppose that the AV attitude is regulated in such
a way that its main axis — the carbon-fiber tube which is also
the pulley axis — stays perpendicular to the wall. Since we are
studying EPs, we assume that the cable is vertical, which is
the only stable configuration of a pendulum. We are looking
for stable rotational equilibrium points around the axis of the
pulley, so we can simplify the study by modeling the problem
in a plane. A planar schematic view of the elliptic pulley and
counterweight system is shown in Fig. 3 where G, and d are
respectively the CoM and the offset of the counterweight, a.;
and b.; are respectively the semi-minor and semi-major axis
of the ellipse defining the shape of the pulley groove. In the
body frame, the CoM position G of the whole AV including
the counterweight is:

0
gy = % (M
0

"G =

with m, the mass oftﬁ> counterweight, m the mass of the
whole AV and d = |GpG.||.

The trajectory of a point belonging to an ellipse, while this
ellipse is rolling, is known as a roulette [28]. According to
[29], the position of the CoM when the elliptic pulley is rolling
along the vertical cable is:

GG =1GGy + /Ry - "Gy
2
G HIR, GG

0
—5(0;)

20— U7 5(0) do

where s(0) = \/(ael - c08(6))? + (be; - sin(h))? and zg is the
initial value of z. The potential energy is given by £ = —m -
g-7G G .Zy with g the gravity acceleration constant, i.e :

(28
E=-m-g [zo - / s(0)d6 + sin(,) - g, 3)
0

A stable equilibrium of a conservative system is characterized
by a minimum of its potential energy [30]. Local extrema of
the potential energy can be written as the following, according
to [28] :

dE df Gf&,?f
— —m.q- il ied R .fGa* =0
ao, — " T ag, Mgy
Thus, local extrema of potential energy verify equation

f CW’ iy = 0. Another interpretation of this condition is that
a suspended system at equilibrium has its CoM lying on the
vertical line passing through the cable anchoring point. From
(2), the local extremum condition becomes:

\/(ael . cos(ﬂr))2 + (bey - sin(ﬁr))2 —cos(0y) - gy, =0

The two corresponding equilibriums 6., and 6._ are:

bel

V95— e+

with the constraint g, > a.;. Examining the second derivative
of I at the equilibrium points:

\/gyfad+b \/gyfa

= (6)

0.+ = darccos (mod 27)  (5)

A

We conclude that 0., is a stable solution if g, > a.; since (6)
should be strictly positive [30]. If g, = a¢;, the equilibrium
0. = 0.+ = 0 is not stable according to the non-zero third
derivative of F [30]. This yields the final constraint for a stable
equilibrium using the definition of g, in (1):

d> " a, @)
me

C. Benefits of an Elliptic Pulley

To assess the influence of the elliptic shape, let us introduce
ke = bfl > 1 (kg = 1 corresponds to a circle) and P the
perlmeter of the pulley. The potential energy has been plotted
in Fig. 4 using the parameters of our system (P = 0.22m,
m = 3.95kg, d = 0.08m, m. = 1.3kg) and using three
pulley shapes with different k.;. From this figure we can con-
clude that for a given P, d, m and m,, the system has stable
EPs for ko, = 2 and ko = 5 around 6, = 25° (mod 360)
and has no EP for k.; = 1 corresponding to a circular pulley.
The potential well around 6, = 25° (mod 360) is deeper for
ke = 5 than for k. = 2 yielding more robust EPs.

Furthermore, given a constant P, a,; decreases when k,; in-
creases, which means, according to (7), that the minimum bat-
tery offset decreases. Thus, using an elliptic pulley (ke; > 1)
instead of a circular one (k.; = 1) allows for decreasing the
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Fig. 4. Potential energy using different semi-major/semi-minor ratio k.;

offset d required to generate stable EPs while keeping the
same perimeter P. Limiting this offset decreases the required
transient winding torque and decreases the unbalanced terms
in the body inertia matrix. For example, with the same offset d,
the perimeter should have been at least 25% lower to generate
an EP when using a circular pulley.

In conclusion, using an elliptic-shaped pulley yields a more
compact and balanced AV design with a smaller counterweight
offset.

D. Cable Exit Point

In Fig. 3, S is defined as the cable exit point on the
pulley. Feedback linearization control technique requires a
good model of the system dynamics, so a good knowledge
of the cable restoring force application point is required. The
cable is supposed to be tangent to the pulley winding surface.
By defining the coordinates of *G,G; = [0 ya, sz]T,
the equation of a tangent to an ellipse passing through Gy
expressed in Ry, is [31]:

Wwycy; | ARGy

=1 8
acr? 6612 ®
Substituting (8) in the ellipse equation 3—5 + bzi =1, yields:

el el

2 2 2

Ya 2Gy 2Gy

( azf + bzf )yb — 2yc,yp + al; <1 T ) =0
el el

which is a quadratic equation giving two solutions. In the case
of our design, the coordinate of *G,S x SG ¢ along i, must
be negative yielding the following unique solution for S:

0
1 Qel
YGcy — 7 bel G

"Gy =

(10)
el
zaq; + ’YatlyGf

2 2 2
?’;G;; + —bczlfg and v = Ve — 1.
E. Cable Model

The cable stiffness is given by k = y' where E, is the
Young’s modulus of the cable, A its cross sectional area and

ln, its nominal length — the length at rest of its unwound
section — at the i‘" EP.

with € =

Let /5, be the length of stretched unwound cable section at
the i*" EP. Using Hooke’s law yields:

E?Zi.A (lSz - lnz)

7

=m-g9g = ni_m'g+Ey'A'Sl
N————

an
We make the assumption (verified experimentally and in [32])
that the robot is winding stretched cable and that the cable is
uniformly stretched within the pulley coils. So we obtain the
linear relationship between Iy, — I, = (j —4)P and l,,; —ly,,
the stretched and unstretched length variations between the i
and the j*"* EP:

lnj - ln,- = ke(] - Z)P

FE. External Force and Torque

12)

The gravity force of the system expressed in the inertial
frame is:
f,=m-g- 7y (13)

The body frame origin is not at the center of gravity, therefore
there is a torque induced by gravity:

'ny = "GiG x ("Ry - I£,)

where b@ is the offset between the body frame origin and
the CoM.

Using Hooke’s law, the force induced by the elastic cable
expressed in the inertial frame is the following:

(14)

— rsa
ff — . _ i S
fs=k (HSGfH ln) m (15)

where k is updated using (12). The torque generated by the
elastic cable is given by:

_bé?

G. Propellers Wrench

(Ry- I8 (16)

In this section, we define the wrench allocation matrix. The
force generated by a thruster is given by F; = af - w? where
ay is the aerodynamic lift coefficient and w is the propeller
rotational speed in rad/s. The drag torque generated by a
propeller is given by Ny = aq-w? where ag is the aerodynamic
drag coefficient.

Let us define ®W, the wrench matrix giving the relationship
between the squared propeller rotational speed and the global
aerial wrench applied to AV expressed in the body frame:

VE,
b
W= l b@ b? )+ kpiaq - b?z

where b?i is the normalized vector of the i*" propeller thrust,
bGP is the position of the i*" thruster in body frame and
kp; = {1, —1} depends on the pitch of the propeller (clockwise
or counterclockwise).

The resulting aerial wrench expressed in the body frame is
given by:

A7)

b
Ty = [bf“} = "W.u (18)

n,

where u is the vector containing the squared propeller veloc-
ities.



H. Equation of Motion

Let us define [G]* and [w]* as skew-symmetric cross
product matrices of bm and bwy, /¢ respectively with bwy, /f
the AV rotational velocity vector expressed in the body frame.
Let’s also define I, = (I, — m[G]*[G]*), the inertia matrix
of the AV in the body frame obtained from the inertia matrix
I, expressed at the CoM of the AV. We also define W, as
the external wrench vector expressed in the body frame:

iy (0 1]

ng + bns (19)

bWe|:

Using Newton Euler equations [33], the equation of the AV
motion written in the body frame becomes:

T i) B

(20
IV. CONTROL LAW

A. Definitions

Let X = [/p),, mj,;]" be the AV pose vector with
respect to the inertial frame. Vector u contains the squared
rotational speed of each thruster and 7, = "W - u is the
aerial wrench generated by the control law to follow X, =
/pl; ml ;)" where p,.; is the position reference and n,.. s
is the attitude reference.

B. Allocation

In the seminal work [23], an Of_ design guarantees that:

VreRS Ju>0 st. "W-u=mr, (21)

Thus:

u= "W T, +upu (22)
where YW is the Moore-Penrose inverse of *W, and u,,,;
belongs to the null space of *W.

Our thrusters are in a balanced Of_ configuration, meaning
that 1g (i.e. the 8 X 1 vector containing only ones) belongs to
the wrench matrix null space. As in [22], the vector u,,; =
A-1g is chosen with the scalar A > 0 € R to ensure a positive
thrust on each thruster.

C. Feedback Linearization

Let us define the Jacobian matrix ®S such that bwb/ F =

1 0 —sin(6,)
’S= (0 cos(d,) sin(6,)cos(6,) (23)
0 —sin(f,) cos(6,)cos(6,)
The time derivative of w, /y is given by:
b"bb/f ='S. My + 'S Ty ¢ (24

Injecting bw, /¢ in equation (20) and factoring the acceleration
X yields:

[y S]]
|m([G])"R; L'S Ty |
M(X) X
b a b& o |
mlw] Xx[w}x b Gb. — m[G})X. S “Meyr| "W, + "W . u
| WL 7Sy + 1 PS
C(X,X)
(25)
The errors are defined in the inertial frame as:
e=X,; - X, 6=X,;-X (26)

Let us define the control input u as:
M(X) (X F+Kpe+K; / edt + Kdé) + C(X,X)
"W, ='W . u
e

where M(X), C and ®W, are estimated values of respectively
M(X), C and *W.. Matrices K,, K; and K, are constant
positive diagonal with respectively kp, k; and kg gains on the
diagonal. Thus, substituting u in the model (25) yields:

M(X) <Xm F+Kpe+K; / edt + Kdé> + C(X,X)
"W, =MX)X 4+ C(X,X) - "W, + p(t)
(28)

where p(t) is a wrench disturbance.
If we suppose that M(X), C and W, are perfectly
estimated, then:

é+K,e+K; / edt + K & = p(t) (29)
The Laplace transform of this equation yields:

s*E(s) + K,E(s) + K%E(s) +KgsE(s) =P(s) (30)

where E(s) and P(s) are the Laplace transforms of e(t) and
p(t) respectively. The transfer function of the error is:
(s) 3D

° P
s34+ kqs? + kps + ki

E(s) =

where k,, k; and kg4 are supposed to be the same positive
tuning gains used on each degree of freedom (DoF). This
transfer function can be stabilized by an appropriate tuning
of kp, k; and kq.

V. EXPERIMENTS

A. Experimental Setup

A prototype has been developed as shown in the video
associated with this article!. A 1m long carbon tube is used
as the main axis, the Oi frame is attached at 0.6 m from the
end of the carbon tube.

'https://youtu.be/fzZkru3tzsYo



TABLE I
MODEL PARAMETERS

Parameter  Description Value

E,- A Young’s modulus X section  64.3N

ke Constant of elongation 0.624

m Systems mass 3.95kg

9y CoM offset 26 mm

20 Initial altitude 2.1m

af Lift coefficient 1.724E—6 N s? /rad?
aq Drag coefficient 1.5E—8 Nms? /rad?
el Semi-minor axis 0.023 m

ber Semi-major axis 0.045m

ddtb Distance from G4 to Gy 0.28 m

rq Radius of the Oi frame 0.25m

dec Diameter of the cable 0.006 m

Ky Proportionnal gains [65 60 30 65 60 60]
K; Integral gains [100 110 80 130 110 80]
Ky Derivative gains [14 14 14 18 14 14]

The elastic cable (Bungee Cord 6mm x 10m, Abma Cord)
is wound around a 3D-printed elliptic pulley. In the initial
state shown in the picture, the AV is at the equilibrium point
corresponding to the first turn of cable around the pulley.

The Cartesian position of the AV is provided by a mocap
system (Vicon Bonita) running at 200Hz. An on-board inertial
measurement unit (Xsens MTi-8) running at 100Hz is used for
attitude and angular velocity feedback.

The model parameters are summed up in Tab. I. All the
parameters in this table have been obtained experimentally,
using a load cell to identify the lift and drag coefficients.
The inertia matrix at the center of the body frame (G, in
Fig. 2) is computed numerically on a computer-aided design
software (PTC CREO Parametric). We measured the masses
of the main components directly (including the electric wiring)
to parameterize this computation in order to obtain the best
accuracy for the inertia matrix (in kgm?):

44.003 —23.699 —0.0238
I, =10"% | —23.699 257.490 —0.596 (32)
—0.0238 —0.596  264.248

Note that the inertia matrix (32) is not diagonal which is
mainly caused by the battery offset d.

All the propellers have the same counterclockwise (CCW)
pitch (GEMFAN Hurricane 51466V2) in order to help cancel
out the drag torque with a balanced Of_ structure. Two elec-
tronic speed controllers (KMS50A Pro Skystars ESCs) drive the
8 direct-current brushless motors (X-NOVA Lightning V2N
2208-1900kv). A flight controller (TMotor CineF7 Velox)
runs a modified version of the Betaflight firmware, a well-
known and open-source firmware in the first-person-view
(FPV) drone pilot community. The modified version of the
firmware, developed in our lab, called Betalink?, implements
a 8kHz closed-loop speed regulation of the propeller angular
velocity to guarantee an accurate and fast thrust control of
each propeller. Two 4500mA h 6S Lipo batteries power the
two ESCs, while a 5V battery pack (Anker PowerCore Slim
10000) powers the Raspberry Pi 5 used as the main embedded
computer.

2https://github.com/jacqu/betalink

At the beginning of the experiment, the AV is hung and the
cable is manually wound around the pulley to reach the initial
equilibrium point. The length [, is then estimated using (10).
Finally, the nominal length ,,, of the elastic cable is computed
with (11): {,, = ke - ls, which gives ko = Eli—'A, the initial
cable stiffness. ’

B. Winding and Unwinding Experiments

To assess the performance of the robot during a winding turn
(WT) and a unwinding turn (UT), the control law described
in section IV is implemented. In these experiments, the robot
follows a 6-DoF trajectory parameterized with 0,.(¢) which is
a polynomial of the time ¢. It makes n WT in a given time
T, then stabilizes for 10 seconds, and finally follows the same
trajectory but reversed, unwinding the cable until it returns to
its original position. The trajectory makes a round trip between
two EPs. The translational reference is defined as follows:

1
re = 97" t) - dec  ——
Tref zo + 0,(1) 5
Yref = Yo
0, (t)
Zref 20 —/ s(0)do
0

for the coordinates [z y z |7 of G} in R where zg, yo and
zp are the initial value of z, y and z. In order to maintain the
cable vertical, the reference x,..y compensates for the helical
winding around the pulley that moves the cable exit point
along 7, at a rate of one cable diameter d.. per turn. Note that,
according to (2), Y.y should be equal to —s(6,.(t)). In practice
this yields a small amplitude reference (be; - a.; peak-to-peak),
fluctuating around yg, which increases the oscillation of the
AV, the tracking error and the power consumption, without
any clear benefits aside from keeping the cable vertical. So,
regulating this coordinate at a constant y, yields a tiny angle
of the cable with respect to the vertical that can be easily
neglected. The rotational reference for [0, 6, 6,]" is 6, ., =
0,(t), Op,.., =0and 0, . =0.

The first 6 rows in Tab. II compiles the results of 6 winding
experiments with various winding and unwinding times 7'
and various number of turns n. The STRAD robot achieved
centimetric position accuracy at the CoM during winding and
unwinding, and millimetric accuracy when staying stationary
at an equilibrium point. In the most demanding of these tests,
the robot achieved a maximum angular velocity of 240 deg/s
on average (n = 2, T' = 3s) while keeping the root mean
square (RMS) error of the winding angle 6, below 7.2deg
and below 2.0 deg on the pitch and yaw.

The plots of the trajectory tracking for a WT in two seconds
and the corresponding global electric power consumption
(combining all the thrusters) are shown in Fig. 5. For better
readability of the figure, Cartesian and angular positions are
plotted with respect to the initial position at the start of the
experiment. So, Az = & — Tyepy, AY = Y — Yrefor s
Aby, = 0, — Gy,‘efo where Zref,s Yrefor *° Hymfo are the
initial conditions of the reference. The same applies to the
reference; for example A%yef = Tref — Tref,. Note that the
evolution of the vertical position is inverted in this plot due
to the use of the NED convention for the inertial frame. A



TABLE I

RMS ERROR ON EACH COORDINATE

Experiment Coordinate
[mm] [deg]
a3 Y z 0 0, Oy
n=1turn in T = 55 13 1.0 44 24 04 05
n=1tunin T = 3s 20 31 46 29 05 06
n=1turn in T = 2s 25 58 67 43 07 1.1
n=1ltminT=15s 36 92 99 72 20 17
n =2 turn in 7" = 10s 12 13 52 25 05 06
n =2 turn in T" = 3s 35 63 162 67 18 20
Painting trajectory 24 1.1 34 08 02 03
Static at an EP 02 01 06 03 01 0.1
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Fig. 7. Rejection of a step disturbance on the vertical position.

video of an experiment where the AMES performs two WT
and UT in three seconds is attached to this paper. This plot
shows that the power peaks at approximately 1200 W only
during the short winding and unwinding phases, while it stays
very small (around 17 W) at the EPs.

C. Emulated Painting Experiments

The EPs are evenly scattered vertically at equally spaced
discrete positions. But the future painting task requires to make
vertical and horizontal translations between these positions. An
experiment is carried out where the AV follows during 18s
a vertical 0.2 x 0.2m square, making four 0.1 m horizontal
translations at each corner, emulating a pointillism dot painting
technique. The results of this experiment with the corre-
sponding power consumption are shown in Fig. 6 and in the
video attached to this paper. In this experiment, the tracking
RMS error stays below 3.5 mm for the translations and below
0.8deg for the rotations, which is an accuracy compatible
with a high-quality fresco. As expected, the average power
consumption is significantly higher (see Fig. 6), rising from
14 W at the initial EP to 550 W, at the painting position
of lower left corner of the square, which is 0.17m away
from the EP. The length of the cable during this experiment
was approximately [, = 2m, which is a worst-case scenario
compared to the 10m or more length of cable used for large-
scale painting. Indeed, the shorter the length, the higher the
stiffness and the force needed to travel away from an EP.

D. Disturbance Rejection

Fig. 7 presents the effect of a step disturbance of 5 N on the
vertical position regulation. This experiment assesses the effect
of outdoor disturbances like the wind or the effect of an uneven
winding of the cable on the pulley. This step amplitude can be
considered as a worst-case scenario and it yields a transient
error of 2.5 cm rejected in less than 1.6's, which is acceptable.

VI. CONCLUSION AND FUTURE WORK

In this paper, a new design for an AMES using an elliptic
pulley and a counterweight creating discrete equilibrium points
has been introduced. A feedback linearization control law has
been implemented and various experiments have been carried
out to assess its winding and unwinding performance, as well
as the noticeable decrease of the energy need to operate the
system. High winding velocities have been achieved while



accurately following the reference trajectory with a WT per-
formed in only 1.5s. The system has no additional actuators
dedicated to the winding, yielding a frugal design. Millimetric
accuracy has been achieved during pose regulation. With these
features, this AMES is suited to a large set of tasks on a large
workspace while being fast, accurate, easy to deploy with its
single anchoring point and with a good battery performance.

Future work will focus on the use of other sensors to
estimate the position of the robot in order to simplify further
the system by removing the mocap device which is not suited
to outdoor experiments.
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