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Abstract—Forests provide vital resources and services for
humanity, but preserving and restoring them is challenging
due to the difficulty of obtaining actionable data, especially in
inaccessible areas such as forest canopies. To address this, we
follow the lead of arboreal animals that exploit multiple modes
of locomotion.We combine aerial and tethered movements to
enable AVOCADO to navigate within a tree canopy. Starting from
the top of a tree, it can descend with the tether and maneuver
around obstacles with thrusters. We extend our previous work
with a new mechanical design with a protective shell, increased
computational power and cameras for state estimation. We
introduce a dynamic model and simulation, and perform a
quasi-static and dynamic validation. For autonomy, we derive a
control framework in simulation to regulate tether length, tilt and
heading, before transfer to the robot. We evaluate the controllers
for trajectory tracking through experiments. AVOCADO can
follow trajectories around obstacles and reject disturbances on
the tether. Exploiting multimodal mobility will advance the
exploration of tree canopies to actively monitor the true value of
our forests.

Index Terms—Aerial Systems: Mechanics and Control,
Robotics in Agriculture and Forestry, Biologically-Inspired
Robots, Multimodal Locomeotion

I. INTRODUCTION

Forests and their biodiversity enable human life on earth:
they provide food and nutrients, act as a source of mate-
rial and medicine, purify water and air as well as regulate
our planet’s climate. While the total economic value of
these ecosystems may be as high as 16 trillion USD per
year [1], species rich rainforests provide up to four times
the monetary benefit ($5264/ha/year) in ecosystem services
compared to temperate ($3013/ha/year) and low-density wood-
lands ($1588/ha/year) [2]. Yet, these ecosystems continue to
be lost at alarming rates. Agriculture, logging and livestock
farming drive deforestation today, while a changing climate
and invasive species will become major threats in the coming
decades [3]. With our wealth and well-being depending on
these ecosystems, it is vital that we learn how to protect and
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Fig. 1. Aerial-tethered robot AVOCADO deployed in a dense tree canopy.

conserve rainforests, while being able to sustainably exploit
them for our demands.

However, a lack of data from within these environments
makes these ecosystem services and their monetary benefit
nearly invisible to us at a regional and local scale. As the
“last biotic frontier”, rainforests and their canopies remain
incredibly hard to access and monitor [4].

Accessibility is the major challenge in acquiring in-situ
data due to the high, dense, massively cluttered and dynamic
nature of forest canopies, making it incredibly hard not only
for humans, but also for robots to enter and move within
them. Robotics research has mainly focused on two strategies
to access these environments: i) contact-based terrestrial and
climbing robots and ii) contact-free aerial robots. The former
usually aims at first gaining access to the lower part of the tree
and then adhering to the tree trunk and branches to locomote
upwards into the canopy. Despite extensive development of
climbing robots [5]—[7], it remains difficult to reliably perform
complex maneuvers, such as moving from the tree trunk
to smaller branches. Aerial robots, on the other hand, are
already used for below- and above-canopy monitoring [8],
[9], but flight below and especially within the canopy remains
an ongoing research challenge. While micro drones have
demonstrated flight below the canopy [10]-[12], their limited
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flight time and payload reduce usefulness for environmental
monitoring, whereas mechanical fragility limits operation in
cluttered spaces. Dropping sensors from an unmanned aerial
vehicle (UAV) [13] or shooting sensors from an aerial vehicle
to the tree trunk like a dart [14] may allow placement of
sensors without having to navigate within these environments,
but it also limits the reach of these applications.

Contrary to our robotic approaches, arboreal animals are
ideally adapted to their habitat and often capable of multiple
means of locomotion. Wings allow birds to reach any place
on earth, but their legs enable them to also walk, run, hop
and even swim [15]. While not being able to fly, squirrels are
extremely adapted to forests as they can locomote on nearly
any surface in any orientation as well as leap and even glide
from one branch to another [16]. On the other hand, spiders
exploit their silk producing capabilities to extend their reach
with spider webs. They can also move vertically with dragline
silk or create a balloon to passively fly with the wind [17],
[18]. All in all, nature hints us at exploiting multiple means
of locomotion to move within diverse, dense and cluttered
environments as forest canopies are.

Taking inspiration from arboreal animals’ multimodal mo-
bility, we presented a novel robot that exploits tethered and
aerial locomotion to achieve the task of navigating through a
tree canopy in our previous work [19]. The robot is anchored
to the top of the canopy (Fig. 1) and uses a tether to descend or
ascend, while propellers are used to navigate around obstacles.
The tether makes the system (i) robust and safe as the tether
can safely interact with the environment and secures the robot
in case it collides with an obstacle. Therefore, collisions and
destabilization does not mean immediate damage or crash of
the platform. Furthermore, the tether allows (ii) low noise
and power consumption during vertical movements and (iii)
resting without noise and low power consumption below its
last attachment point, which are both advantageous for envi-
ronmental monitoring applications to increase mission time as
well as reduce noise during monitoring. Finally, (iv) retrieval
of the system is possible by spooling the tether even if thrusters
fail or propellers get damaged. Complementing the tethered
locomotion, aerial locomotion enables the robot to move in 3D
space to overcome obstacles or move to certain areas within
the canopy.

While small drones have increased maneuverability and
mobility [10], [12], our platform is inherently safe with high
energy efficiency for increased operating times and low noise
for less invasive environmental monitoring. With respect to
climbing robots, our locomotion strategy is more robust as it
does not depend on adhesion and thus substrate properties.

In this article, we present the system design and dynamic
modeling of the aerial-tethered robot AVOCADO as well as
the implementation of a controller for onboard autonomy
with validation in simulation and real world experiments. We
elaborate on the initial contributions of our work on the aerial-
tethered robot for tree canopy exploration presented at IROS
2022 [19] and extend it with the following contributions:

1) We revise the mechanical design by integrating a soft

shell for protection, increased computational power and
cameras for state estimation.

2) We derive a 3D dynamic model and simulation that take
into account the tether length, and validate them, both
in quasi-static and dynamic conditions.

3) We formalize a control strategy that decouples the tether
length, pitch and heading control to enable the robot to
autonomously follow 3D trajectories.

4) We validate the control strategy both in simulation and
real-world experiments, characterize the response of the
robot to perturbations on the tether, and subsequently
demonstrate the ability of the robotic system to au-
tonomously follow 3D trajectories, both indoors as well
as outdoors in a cluttered tree canopy.

The rest of the article is organized as follows. Section II
presents a review of tethered robots and drones and applied
control frameworks. In section III, we introduce the locomo-
tion strategy and design of AVOCADO. We formalize the
dynamic model and simulation as well as validate them in
section IV, and present the control strategy in section V. In
section VI, we compare simulation data with experimental
results and perform indoor and outdoor experiments with
branch interaction and 3D trajectory following. Finally, we
conclude with a focus on limitations and future challenges in
section VIL.

II. RELATED WORK

Tethers are increasingly used in robotics for obvious ben-
efits: increased stability and safety, reliable power transmis-
sion as well as high-bandwidth communication link. Within
terrestrial robots, tethers have been exploited for nearly three
decades mainly for locomotion, but also for navigation and
planning tasks. Dante I and II [20], [21] used a tether to rappel
into active volcanic craters and semi-autonomously locomote
in this harsh environment. Already then, power, data and video
telemetry were sent over the tether. More recent developments
include NASA’s Axel/DuAxel [22] and TReX [23]. DuAxel
can rappel into extreme terrain by splitting into a mother-
daughter system, with the mother serving as a save anchor
point and power source for the daughter. Beyond locomotion,
TReX uses tether information, i.e. tether length and bearing,
for localization and mapping in cluttered environments to
avoid tether entanglement.

In the field of aerial robotics, tethers are mainly being used
for power and communication link [24], with 24/7-operable
drones readily available on the market [25]. Other applications
include cleaning and painting of buildings or firefighting, for
which fluids can be brought to the flying platform through
flexible hoses [26]. For these applications tethers may be slack,
such that no tension acts along the link and only the weight
and inertia of the tether or tube affects the robot. In this
case, a standard position controller is sufficient to stabilize
the UAV [27].

Drone applications with taut tethers include perching [28]—
[30], take-off and landing on sloped terrain [31] or human
interaction [32]. Contrary to slack tethers, an interaction force
along the link arises for taut tethers, changing the dynamics
of the aerial robot. This leads to non-optimal performance of
standard flight-control methods or even makes them inappli-
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cable due to the changed dynamics of the extended aerial-
tethered system. For a drone on a taut tether, [33] estimates
the drone pitch angle and tether angle with onboard inertial
sensing only, and subsequently use this state estimation to
stabilize and control the tethered drone in 2D. The work also
shows the stabilization in 3D (except for yaw), with a bias in
the tether angle estimation leading to a reduced stabilization
performance.

While conventional cable-driven parallel robots (CDPRs)
are being equipped with thrusters to improve payload capacity
and enlarge the workspace [34], the concept of CDPRs is
also transferred into aerial robotics for different use cases. To
perform pick-and-place operations, a platform with a manipu-
lator is suspended below multiple UAVs via cables, potentially
reducing the need for heavy and costly infrastructure in
construction [35]. Moreover, new aerial cable towed robots
(ACTRs) are proposed that utilize land-fixed winches and taut
tethers attached to UAVs to position the ACTR, i.e. an aerial
platform, in a reconfigurable and adaptable workspace [36].
For instance, a platform equipped with water jets can be safely
positioned close to high-rise buildings for firefighting.

Our aerial-tethered robot is different from existing tethered
drones as we are simultaneously using the thruster and onboard
tether actuation as two modes of locomotion. While steering
the robot using the thrusters, we are spooling or unspooling
the tether to extend the reach of the robot. Previous aerial
robots exploiting tethers have a fixed tether length [28], [30]-
[32], [35], slack tethers while unspooling [28], [29] and/or are
not flying with the tether in tension [29]. Thruster-equipped
CDPR and ACTR address interaction tasks with high load
conditions, requiring a complex system with multiple robots
and/or multiple tethers for stable operation [34], [36]. As
AVOCADQO'’s task is to navigate around obstacles in a tight
environment, the system can be simplified to a single robot
with one tether. Despite the theoretically extended workspace
offered by CDPR and ACTR, our system may not benefit from
multiple tethers due to the risk of entanglement and need
to plan where to anchor them properly. Compared to other
works, we also demonstrate our solution in a complex outdoor
environment. Furthermore, our system distinguishes itself as
it resembles an actuated pendulum with the robot suspended
below an anchor point. Accordingly, this new locomotion and
design concept requires new modeling and control approaches.

III. LOCOMOTION STRATEGY AND MECHANICAL DESIGN

Our system is intended to be used together with a UAV
for deployment as the top of forest canopies can easily be
reached by aerial vehicles. While not part of this work, the
deployment may be achieved directly from a drone or with
an intermediate anchoring of our platform to a branch at the
top of the canopy, as shown in Fig. 2A. After the deployment,
AVOCADO subsequently enters the canopy and exploits two
modes of locomotion, independently or simultaneously: tether-
based and thruster-based locomotion. For the former, the robot
uses its onboard tether and spooling mechanism to move
vertically up and down with low power consumption and
noise (Fig. 2C). As the tether is unspooled directly from the

robot, there is limited relative motion between the tether and
environment. For the latter, the robot uses its two thrusters to
generate forces to pitch from its vertical position (Fig. 2D)
and change its heading (Fig. 2E). When combining tether
(un)spooling, pitching and changing heading, 3D movements
can be obtained as shown in Fig. 2F. By using each of these
movements, AVOCADO can follow a 3D trajectory through
the tree and navigate around obstacles, such as branches and
leaves (Fig. 2A).

The workspace of the robot is an inverted cone starting
from the anchor point with an opening angle of 6, as also
visible from Fig. 2F. The maximum workspace is defined by
the maximum tether angle 6,,,, of the system. This angle
is either limited by the maximum thrust 7},,, or is bound
by the maximum tilt thereafter the robot body flips around
the tether attachment point (i.e. the rotary joint on the robot).
The latter effect will be further discussed in section IV-E. The
actual working space of the robot can be reduced from the
maximum when the tether is constrained by obstacles.

The robot design is illustrated in Fig. 2B and main param-
eter definitions and characteristics are summarized in Table I.
Compared to our previous work [19], we have reworked and
improved the mechanical design of the platform. The new
robot incorporates a soft, 3D printed shell (Varioshore TPU)
that protects all internal components, including propellers,
from damage in case of collision with obstacles. All com-
ponents are attached to carbon-fibre profiles to create a stiff
internal skeleton and avoid deformations due to thrust forces.
Tether actuation is achieved with a continuous rotation servo
(Dynamixel X1.330-M288-T) connected to a 3D printed spool.
The tether (SpiderWire, d = 0.39mm, F,,, = 46kg) is
routed via a wheel with an encoder (ams AS5047P) for tether
speed estimation and through a rotary joint to the outside
of the robot. The 3D printed rotary joint is equipped with
a second rotary encoder (ams AS5047P) for an estimation of
the inclination of the tether ¢, which will be further explained
in section IV. The heart of AVOCADO is a commercially
available flight controller (FC) (HGLRC Zeus F722 Mini),
electronic speed controller (ESC) (HGLRC Zeus 28A BLS)
and a system on a chip (SoC) (Khadas VIM3). Two brushless
DC motors (T-Motor F1507 3800KV) with 3inch tri-blades
(Gemfan 3052) can give an overall thrust of approximately
700 g. We have furthermore integrated a tracking camera (Intel
RealSense T265) for state estimation.

IV. DYNAMIC MODEL AND SIMULATION

Within this section, we first describe the dynamic model
and define the equations of motion (EOM), before detailing
the integration of the model in the simulation. We validate
the model and simulation in quasi-static conditions as well as
dynamically, and investigate a failure mode that determines
static and dynamic limits of the system.

A. Model Description

The system is abstracted to a double pendulum, which con-
sists of the robot body hanging on a mass-less tether (Fig. 3).
We define three coordinate frames: Z (orthonormal basis {7z,
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Fig. 2. Locomotion concept and design of AVOCADO: (A) Locomotion strategy of the aerial-tethered vehicle that enables 2D and 3D movement as well as
resting. (B) Mechanical Design of the robot. (C)-(D) Locomotion Modes: (C) Vertical movement by unspooling or spooling the tether with the onboard tether
servo, (D) pitching of the platform by increasing thrust, (E) change of heading by inducing a difference in thrust between the two thrusters. (F) Combination
of the tether unspooling, pitching and changing heading enables 3D movements.

7Y, 72}) denotes the inertial, global frame which has the origin
in the tether anchor O; P (orthonormal basis {pz, py, p2})
corresponds to a frame with center in the attachment between
the tether and the robot (point P); F (orthonormal basis { rx,
FY, Fz}) is the body frame, whose origin is in the center
of gravity (COG) of the robot. Gravity is acting downwards
(along 7y) and the robot body is approximated as an elliptic
plate.

The distance between point P and the COG is [, and the
distance between P and the location of applied thrust 7" (i.e.
center of thrust (COT)) is l7, along the axis py (Fig 3B). Each
motor is placed at a distance I%., perpendicular to the central
axis ry (Fig 3C) and the robot body is assumed symmetric
about the ¥y — 2z plane in the body frame F.

The robot is initially considered as free-floating with the
spherical coordinates [I, 6, §2]. [ is the direct distance between
anchor O and point P of the robot. To add the tether constraint,
we introduce the tether length I alongside a spring-damper

system to compute the tension acting on the robot along the
tether direction:

kp(l—1Ip) +dp (I —1p) Yip >1,

F =
o Vip <l

(1)

As no elongation or vibrations were observed during opera-
tion of the robot, high tether stiffness and damping coefficients
of kr = 10000Nm~! and dp = 10000Nsm~! were
used. In case the tether is in contact with an obstacle, as
shown in Fig. 3D, the tether (and its length 1) wraps around
branches while [ remains the direct distance between O and
point P. Therefore, I is adapted through geometric relations
depending on the location of the obstacle and robot to properly
compute the tension force Frr based on eq. (1). Additionally,
we denote the distance between point P and the last interaction
point of the tether with the environment (point B in Fig. 3D)
with the free tether length [.
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Fig. 3. Model and coordinate frame definitions (A) in 3D and (B) in 2D.
(C) Vertical close-up of the model with roll . (D) In case of contact with a
branch B, the branch acts as a temporary anchor point, effectively reducing
the tether length experienced by the robot from the total tether length I to
the free tether length [ ;. Note the difference between the tether length I and
the coordinate [ which are different in the case with an obstacle.

As the robot body has moments of inertia around the three
body axes, the system acts as a double pendulum instead of a
single pendulum, for which the body is usually assumed to be a
point mass. It is worth to notice that standard double pendulum
models consist of two point masses, whereas in our case the
inertia of the rigid body has to be considered. We assume the
inertia tensor J to be a diagonal matrix with elements r.J,,
Fdy, rJ, because ry and rz are axes of symmetry, thus
principal axes of inertia, and rx has to be principal as it is
orthogonal to the other two axes.

To introduce dissipation in the model, air resistance is
considered as drag distributed over the robot body. Since
the robot mostly works in a quasi-static condition with low
velocity movements, the drag effect is generally low. Thus,
instead of the usual quadratic drag Fp = —1/2pcAv?, we
consider the linear drag to reduce model complexity:

FD:—CD/’UdA (2)
A

where ¢p = 1/2pc with ¢ the drag coefficient of a flat plate
and v the velocity of each infinitesimal area dA. Furthermore,
for the simulation results presented in section VI, numerical
damping of ¢, §2 and ¢ was introduced to ensure numerical
stability (Table I).

The thrust of each motor is assumed to act perpendicular to
the robot plane ry — rz (Fig 3C). The thrust is transformed
into virtual inputs:

Tr=n+1 3)

= (T, - T,) =}, 4

with 7; and T, being the left and right motors’ thrust re-
spectively, T' the collective thrust, and 7 the resulting moment
around ry. The torque generated by the propellers is neglected
and we therefore do not consider a rotation around p-x. Within
our experiments (see section VI), we only observed small
rotations that propagated to the tether and were dampened by
it.

B. Equations of Motion

The generalized coordinates g and inputs w are defined as:

l
lr .
0 I
q= 9 u=|T|. ®))
T
P
(0

with the angles definition shown in Fig. 3. € is the head-
ing angle (rotation around zy), 6 the tether angle (rotation
around 72), v is the roll of the robot (rotation around py),
¢ the tether-to-robot angle (rotation around p-z), and the
sum 6 + ¢ is considered the robot pitch angle. As previously
stated, we assume that no rotation around p/x occurs, since
damping in the system reduces oscillation in this direction.
The assumption holds without loss of generality as the five
generalized coordinates suffice to describe the controlled robot
motion. The inputs w include the tether velocity I as well as
the virtual inputs defined in eq. (3) and (4). The tether velocity
I7 is taken as input instead of the torque of the tether spooling
servo as we can measure and control the speed of the servo
motor on the robot, but not the motor torque itself.

With the given actuators, the system is underactuated and
only three of the six degrees of freedom (DOF) can be
controlled. Indeed, only the vertical position, the total robot
pitch and the heading can be controlled, while the other three
must be controlled with a combination of the previous. In
terms of generalized coordinates, the length I and [ are
controlled through Ir; 1 is controlled through the torque 7,
resulting in a change in €2; and the thrust 7" determines the total
robot pitch (8 + ), which in turn translates to its components
0 and . The rotation around p-x is uncontrollable with the
current actuators and assumed negligible in the simulation as
such rotation would propagate to the tether and be dampened.

With this set of coordinates we employ the Euler-Lagrange

equations,
d /dL dL
S22 2 6
de <dt'1> dq @ ©

to derive the EOM with the Lagrangian L = Ej, — I, and the
generalized forces Q. To calculate the potential and kinetic
energies, I, and Ej, respectively, and the generalized forces
@, we calculate the positions and velocities of point P and the
COG; then, the positions of the thrusters in the inertial frame
Z, as well as the angular velocity rwpg of the robot in the
body frame F. Noting that the robot body is the only object
carrying a mass, this yields:
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TABLE I
SYSTEM PARAMETERS

Parameter Symbol Value Unit
Robot Pitch Angle 0+ ¢ — °
Tether Angle 0 — °
Tether-to-Robot Angle ) - °
Heading Angle Q — °
Robot thrust T max. 7 N
Robot size 300x230x100 mm
Robot mass m 0.74 kg
Robot inertia along rz Jx 1.068 -10—3 kgm?
Robot inertia along ry Jy 3.991-1073 kgm?
Robot inertia along ry Jz 4.579-1073 kgm?
Distance P - COG lg 0.154 m
Distance P - Thrust, along ry ITh 0.19 m
Distance P - Thrust, along rz [ 0.06 m
Tether spring constant kr 10000 Nm
Tether damping constant dt 10000 Ns~'m
Aerodynamic drag coefficient cp 0.674 —
Ellipse half-axis along ry a 0.15 m
Ellipse half-axis along rz b 0.115 m
Numerical damping ¢ dy 0.01 —
Numerical damping €2 do 0.04 —
Numerical damping dy, 0.04 —
Simulation time step dr 0.01 S
E, = —mg zycoc (7
1 1

where 1ycoc denotes the y-coordinate of the center of gravity
and ;vcog the velocity of the COG in the inertial frame.

Computing the generalized forces is done by projecting
them onto the velocity of the point of attack in the inertial
frame 7. Taking an arbitrary force F' with point of attack p,
this is written as

d zvp
dg

Then, the generalized forces for each individual, non-
conservative force are summed to obtain the total generalized
force Q. Note that for this robot, the drag is considered to be
distributed over the plate. Therefore, each infinitesimal drag
force is calculated and projected onto the points’ velocity.
Then, this generalized force density is integrated over the
whole body.

Having calculated all the required components, the La-
grange equations (6) are evaluated and the equations of motion
written in the classic form for robotic systems:

Qr = rF. €))

M(q) - q+blq,q)+9(q) = Qalq, ) + Qi(g, q,u). (10)
Hereby M denotes the mass matrix, b captures the inertial
forces, g the potential forces and the generalized forces are
split into Qg, forces independent of the inputs and Q;, forces
dependent on the inputs.

C. Simulation Details

The dynamical model and the associated simulation is
implemented in MATLAB (R2021b). In simulation, we use a
time step of d; = 0.01s (frequency equal to 100 Hz). Within

these timesteps, all inputs and references are kept constant,
and MATLAB’s odel5s function (a variable step, variable
order method multi-step solver) is used to solve the dynamics
(eq. 10). Motor dynamics associated with acceleration and
deceleration are not modelled in the simulation, in which
commanded thrust and torque are applied instantaneously at
the desired time step.

We first generate the model based on the Euler-Lagrange
equation (eq. (10)) before applying the given model constants
(according to Table I). For simulations without active con-
trollers, we set the initial conditions for g and u, as well
as provide either constant or time-varying inputs (references)
Upep to the system. For simulations with controllers, we
instead initialize the controllers with the chosen parameters
and set up a reference input, which is supplied to the controller
at the desired time step. We then simulate the problem with
the above mentioned solver. After the simulation, the results
are plotted in an interactive window with an animation of the
robot motion as well as plots of relevant variables. Detailed
information on the controllers in simulation are summarized
in Appendix A.

D. Model and Simulation Validation

Robot specific system parameters were identified in
Computer-Aided Design (CAD) or through measurements on
the manufactured prototype. All system parameters used to
compute the specific robot model are summarized in Table I.
We first validated the model in quasi-static conditions before
a dynamic validation, both for a tether length of I = 1 m. We
compare quasi-static simulation data against experimental data
in Fig. 4A. For the experimental data (shaded lines), the thrust
of the robot was slowly increased such that robot velocities
were kept to a minimum. For simulation data (dashed lines),
we calculated the state of the robot for a given thrust 7'
by solving the EOM with velocities and accelerations set to
zero. In Fig. 4A, the state of the robot, i.e. the angles 6, ¢,
0+ ¢, are plotted over a mass-normalized thrust 7'/(mg). The
model data is matching well with experimental data with only
slight deviations visible in maximum tether angle and mass-
normalized thrust. As we could not directly measure the thrust
of the platform during operation, the experimental data relies
on a thrust mapping, which is likely the cause for the small
offset in mass-normalized thrust.

As the thrust is increased, all angles experience a nearly
linear increase before a sharp asymptotic behaviour. The tether
angle 6 reaches a maximum before decreasing as ¢ rises
asymptotically. Their sum, the robot pitch angle 6 + ¢ ap-
proaches 90° and the robot reaches a horizontal position. The
horizontal force component of the thrust decreases, eventually
leading to the tether collapsing towards a tether angle of
6 = 0°. We have previously shown [19] that the limit of
the thrust-to-mass ratio T}, /(mg) equals the ratio l,/lrp,
i.e. the ratio between location of COG to COT. While the
validation case has a ratio I, /lrn < 1, with the actual limit
being Ty, /(mg) = ly/l7, = 0.81, other robot configurations
with Iy/lpp, = 1 and l;/lp, > 1 are possible. For further
information on these configurations, we refer the reader to our
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Fig. 4. Model and simulation validation with experimental data. (A) Quasi-
static validation, i.e. negligible robot velocities, with the relationship of
robot pitch angle (6 + ), tether angle 6 and robot-to-tether angle ¢ over
mass-normalized thrust 7'/(mg) at lp = 1m. (B) Dynamic validation
through swing motion. The experimental data was acquired by disarming
the robot and leaving it swinging with no active control. The simulation
uses the experimental data as initial conditions: {7 = 1 m with 6 = 20.5°,
o = 4.8°. High-frequency oscillations in ¢ were filtered for the simulation
and experimental data to reveal underlying low-frequency oscillations. Insets
show zoom-in of the initial seconds after disarming.

previous work [19]. It must further be noted that the steady
state solution is independent of the heading and tether length,
assuming negligible tether mass. The steady state solution only
depends on the thrust-to-mass ratio and the mass distribution
of the robot, as also shown in our previous work.

The dynamic validation experiment was carried out for a
tether length of 1m by applying a constant thrust to reach
~ 0 = 20° before disarming the robot, such that it would
swing back and forth without active control. The tether angle
0 and the tether-to-robot angle ¢ just before disarming were
extracted from the experimental data and supplied to the
simulation as initial conditions, i.e. § = 20.5° and ¢ = 4.8°.
The experimental data along the simulation data is shown
in Fig. 4B. In general, the experimental data aligns with
the simulation data, while some differences can be observed.
The frequency of the oscillations in 6 match well and only
slightly shift towards ¢ = 50s. The amplitudes in 6 match in
the initial seconds, but diverge afterwards before converging
again towards ¢ = 50s. The faster decay is possibly due
to the mismatch in aerodynamic drag and damping. As the
simulation uses a simplified linear drag model compared to
quadratic drag, the energy dissipation is underestimated at
larger robot velocities. Besides drag, friction in the anchor
point as well as in the tether joint on the robot are not modelled
and can be the cause for additional damping in the real
system. With respect to the tether-to-robot angle , both the
simulation and experimental data were filtered to remove high-
frequency oscillations and reveal the underlying low-frequency
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Fig. 5. (A) Failure mode of the robot as it exceeds the horizontal position,
with subsequent collapse of the tether towards & = 0° and for higher
thrusts/accelerations a pronounced rotation around point P. (B) Dynamic
simulations for which a constant thrust 7" was applied as a step at ¢ = 0's. For
large steps in thrust, the robot exceeds a total pitch angle (6 + ) = 90°, i.e.
a horizontal position, become unstable and ultimately the simulation crashes.

oscillations. Despite the values being very small in the range
of —1° to 1°, the data matches well in terms of amplitude
and frequency. Overall, slight discrepancies can further arise
from the rotation of the robot around its vertical axis p/y (V)
during the experiment as it swings without any active control.

In summary, given both the quasi-static and dynamic vali-
dation, we have shown that our model and simulation capture
the behavior of the robot well, allowing us to exploit the
simulation as a tool to study the robot behavior and to safely
develop controllers in simulation before transferring them to
the robot.

E. Static and Dynamic Limit

The robot enters a failure mode when the robot pitch angle
(0 + @) exceeds 90°. This leads to a collapse of the tether,
accompanied by a reduction of the tether angle, as well as
a pronounced rotation (or even flip) of the robot around the
tether attachment point P (around axis p-z in Fig. 5A) on the
robot.

In quasi-static conditions, the static validation in Fig. 4A
shows the maximum tether angle 6,,,,, beyond which the
tether angle collapses towards 0°, with no steady state so-
Iutions beyond a total pitch angle of 90°. The maximum
achievable tether angle for quasi-static operation is around
42° at a given Ty ymas/(Mmg) =~ 0.7, resulting in a thrust of
T, maz ~ 4.9N. This can be considered a static limit of the
robot. To avoid this condition, the thrust can be saturated to
T%,maz in the controller.

In dynamic conditions, however, aggressive maneuvers
could also cause the robot to enter this failure mode, as can
be seen from dynamic simulations (Fig. 5B). By applying
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a step in the thrust, a high acceleration causes the robot to
exceed a total pitch angle of 90°. The greater the acceleration
and velocities, the higher the likelihood of the robot flipping
around point P, even before the tether collapses to § = 0°. We
investigated this behavior with five different thrusts ranging
from 2.5N to 3.4N, or normalized thrusts of 0.34 to 0.47
respectively, in Fig. 5B. For normalized thrusts above 0.45
(i.e. T =3.3N and T = 3.4 N), the total pitch angle exceeds
90° and the simulation crashed within less than 3.5 seconds
of simulation time, whereas for normalized thrusts up to 0.44
the robot eventually achieved a stable steady state. These steps
in thrust can be translated into acceleration limits that should
not be exceeded to ensure safe operation of the robot. For
AVOCADO, the dynamic simulations show that accelerations
of 366 °/s? and above for the total pitch angle lead to a failure
of the system. It is particularly interesting how minor changes
in the thrust and therefore acceleration lead to a large change
in total pitch angle and subsequent failure.

To properly study the robot as well as develop controllers
in simulation that violate a quasi-static operation (i.e. non-
negligible accelerations and velocities), it is therefore essential
to consider the static as well as dynamic behavior and limits of
the system, which can be captured with the proposed dynamic
model and simulation.

V. CONTROL

For the application of navigating around obstacles (e.g.
branches in a tree canopy), it is suitable to choose the tether
attachment point P on the robot as the position to be controlled.
When passing an obstacle, P denotes the highest point on
the robot (with 6 4+ ¢ < 90°), allowing a quick assessment
of whether the robot has passed the obstacle. After passing,
contact of the tether with the obstacle can occur without robot
collision. With this in mind, we decided to control point P
of the robot in spherical coordinates by regulating the states:
tether length [, tether angle 6 and heading angle (2 as defined
in Fig. 3.

In the following, we will describe the employed control
approach and the developed controllers on the real robot as
well as the state estimation.

A. Control Approach

Three independent high-level controllers were incrementally
employed in simulation and later implemented on the real
robot: the first one is a planar controller to track the desired
tether angle 6 (as depicted in Fig. 3B), the second controls the
tether length [, and the last one regulates the heading angle 2.
We separate the planar from the heading control as the planar
coordinates 6 and ¢ only depend on the input thrust 7" and are
independent of the heading 2. As visible from Fig. 6, neither
the planar control nor the heading control depend on the length
7, and vice versa. The tether length control is, indeed, directly
related to the servo spooling velocity I, which determines the
length 7.

It Ip
I7 ret + Tether Length | + Tether Speed |s,cmd
el Kew, + Kt [ ey jn 2 Cip Kpej +Ki [ e,
] T,ref
Oret + € Planar Control: Tema | Robot | |
C Kfeo + K{ [ epdt + Kféo FC
Qrer + eq Heading Control: | zWy.cmd
Kfeq + Kf [ eadt + Kféa
Q

Fig. 6. An overview of the approach used to control the robot.

B. Controllers on the Robot

The high-level controllers on the robot, shown in Fig. 6B,
are implemented in the Robot Operating System (ROS) and,
to achieve frequency matching between simulation and the
robot, are running at 100 Hz. The robot inputs are the thrust
Tma to control the tether angle 6, the angular velocity wy, cmd
to control the heading €2, and the servo speed ws ¢ma tO
control the tether length. Regarding the latter, a rotary encoder
(Fig. 2B) with a fixed diameter wheel is used to calculate the
tether velocity, as the servo speed wgs cannot be accurately
converted to a tether velocity I7 due to a changing spooling
radius. Therefore, a PI controller is added besides the tether
length controller to compute the commanded servo speed
Ws,emd- The implementation of the controllers in simulation
are detailed in appendix A.

C. State Estimation

A tracking camera (Intel RealSense T265) is used to es-
timate the total pitch angle 6 + ¢ and the heading angle €.
At the rotary joint (Fig. 2B), a magnetic encoder is reading
out the tether-to-robot angle ¢, such that the tether angle
6 can be computed from the camera’s total pitch angle. To
estimate the tether length, the tether speed is integrated. The
tether speed I is measured by running the tether over a fixed
radius wheel and reading out a magnetic encoder (Fig. 2B).
Beyond orientation, the tracking camera uses visual-inertial
odometry (VIO) to provide a position estimate in Cartesian
coordinates in the camera world frame, which is used for
visualization of the robot trajectory in section VI. The camera
world frame, corresponding to our inertial frame Z, is initiated
during startup of ROS and therefore depends on the camera’s
orientation during startup.

VI. RESULTS AND DISCUSSION

In this section, we validate the controllers in simulation
and through experiments on the real robot. First, we compare
the simulation and experimental results for step responses
of the planar controller and piece-wise linear references for
the 3D control. Second, we investigate robot and controller
behaviour in case of an abrupt change of tether length as
well as disturbances to the anchor point. Obstacles may create
intermediate anchor points, in which case the free tether length
abruptly changes. Furthermore, these obstacles can oscillate
and introduce disturbances to our robotic system. Finally,
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Fig. 7. Comparisons of controllers in simulation and on the robot for planar pitching (A-D) Responses of the PID controller at tether lengths of (A) 0.5m,
(B) 1m, (C) 1.5m and (D) 1.5m for steps in 0,..y. The reference heading angle §2 was kept to 0°. (E) 3D control with piece-wise linear references on

heading angle 2 and tether angle 6 at a tether length 7 = 1 m.

we showcase autonomous operation by following predefined
trajectories around an artificial branch and hoop indoors as
well as deploy AVOCADO outdoors in a tree.

A. Simulation vs. Experiment

We compare the behaviour of the system in simulation with
experiments on the actual robot. The controllers have first been
tuned in simulation at a tether length of 1m before transfer
to the real robot. The same gains were used for the planar
controller in simulation and on the robot. The tether length and
speed controller, as well as the heading and torque controller
needed separate tuning.

We first investigate the system behaviour and control for
different tether lengths, ranging from 0.5m to 2m. During
operation in a cluttered tree canopy, branches will serve as
intermediate anchor points (Fig. 3D) and effectively reduce the
tether length, such that the robot is unlikely to experience free
tether lengths beyond 2 m (see Fig.8A and B). Step-references
were given on the tether angle 6 and the step responses for
0, ¢ and 2 are shown in Fig. 7A-C and the supplementary
video S1. At low tether lengths (Fig. 7A), the robot has a very
quick and smooth response. As the tether length increases,
oscillations are observable in 6 around the step-reference but
are quickly dampened by the system and the robot maintains
the given reference with high accuracy. These oscillations can
be attributed to an increase in inertia around the anchor point
(O in Fig. 3) as the length increases. The simulation is nearly
identical to the experimental data and also captures the above
mentioned effect. The robot does not fully reach 8 = 0°, but
rather oscillates at a low angle due to the arming of the flight
controller resulting in a low thrust at all times. By adding this
constraint to the simulation (see appendix A), we are also able
to match this behaviour. Small oscillations of +10° remain
for the heading €2 during all tests. The oscillation frequency

increases and thus the swing time period 7}, reduces for lower
tether lengths due to the inherent pendulum dynamics that state
T, =2m*+/L /g. With respect to accelerations, the maximum
acceleration for the different lengths lies between 240 ° /s? and
297 ©/s% in simulation, such that a sufficient safety margin is
left to the dynamic limit of 366 ©/s? identified in section IV-E.

A 3D control sequence of the robot is shown in Fig. 7E
alongside simulation data. A trajectory consisting of piece-
wise linear references in ) and 6 was given at a fixed tether
length of 1 m. The heading control is responsive and tracks the
given reference well at tether angles 6 > 0°. At tether angles
close to 0°, the robot responds slower and oscillates while
trying to reach the target heading. This happens because the
thrust cannot be negative (i.e. reverse the propellers), nor be
reduced below the minimum thrust 7;,,;,, due to the FC arming.
Thus, no pure torque (7" = 0,7 # 0) can be applied with the
system but the produced torque is accompanied by a minimum
thrust. Furthermore, the torque is lower than the (theoretical)
desired one required to change the heading, i.e. one propeller
increases the thrust and the other one is fixed to the min value.
The controller in simulation has a similar behaviour at 6 > 0°,
but is slower to reach the desired heading at 6 ~ 0°.

Bidirectional thrusters and propellers would increase the
tracking performance of 6 and {2 at small tether angles.
Reversing the thrust would allow the robot to precisely apply
the required torque for changing the heading while ensuring
zero thrust. Furthermore, reverse thrust could be used to
dampen oscillations in @ for a reference of 6 ~ 0°.

B. Abrupt Tether Length Change and Anchor Disturbance

In this experiment, we investigate the behaviour of the robot
during interaction of the tether with a branch. When operating
the robot in the intended environment, the tether will inevitably
come into contact with obstacles. As the tether contacts the
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Fig. 8. Branch interaction and disturbance experiments. Experimental setup of (A) upward and (B) downward branch interaction with the tether length

changing abruptly from total length I7 = 1.5m to the free tether length I

= 1m and Iy = 0.5m. (C) Experimental setup of disturbance by deflecting

the branch by 15° and releasing it abruptly. Results for (D) upward branch interaction, (E) downward branch interaction and (F) disturbance experiment for
upward- and downward interaction for [y = 1m and [y = 0.5m with the disturbance introduced at ¢ = 2.5 seconds. Only successful attempts are shown

with the given success rate (SR).

object, the object restricts the motion of the tether and acts as a
new anchor point, from which the tether angle 6 is now defined
(Fig. 3D, Fig. 8A/B). We define the free tether length [; as
the length of the tether from the robot to the last anchor point
(Fig. 8A/B). Without obstacle interaction [y is equal to I,
whereas [y < I7 during tether interaction with an obstacle. In
this experiment, the free tether length [ abruptly changes from
ly =Ilr=15mtolf =1m or Iy = 0.5m during interaction
with an artificial branch made of a square aluminium profile.
The branch’s location was chosen such that the length changes
were ensured. As rough tree bark limits sliding of the tether
outdoors, we added thin foam to the metallic square profile
to avoid sliding of the tether during the experiment. Due to
compliance in the system, the branch could rotate 15°
around its attachment point. Up- and downward interaction
of the tether with the obstacle is shown in Fig. 8D and E. The
shaded area shows the time at which the tether is in contact
with the branch and the solid blue and orange lines denotes the
states for free tether lengths of 1 m and 0.5 m. The control has
no difficulties in coping with the changing free tether length
as no significant oscillations in the states are visible.

~
~

To further test the system beyond nominal conditions,
disturbances have been introduced by deflecting the branch and
abruptly releasing it, as shown in the top view in Fig. 8C and
in the supplementary video S2. The robot was brought to the
nominal condition (# = 30° and € = 10° in Fig. 8A/B) with
the branch deflected with a string by 15° and subsequently

released for the disturbance. This simulates a disturbance on
the anchoring system, such as the tether sliding on the branch
or swinging of the branch due to wind. For each free length,
several attempts have been carried out with a plot of four
successful attempts, the number of attempts n and the success
rate (SR) shown in Fig. 8F. The disturbances result in a
changing tether angle # and heading angle €2, which the robot
has to dampen. In most cases, the controller is able to reject
these disturbances. For the upward and downward interaction
at [y = 1m, the robot quickly dampens the oscillations and
returns to its references. In case of the interaction with a
shorter free tether length of [; = 0.5m, we noticed that the
robot is more susceptible to the disturbances. The success rate
drops from 100% to 75% and 64% for upward and downward
interaction with the short tether length. While the disturbances
at the branch have been of the same magnitude, a long free
tether length dampens the disturbance and the robot perceives
a smaller disturbance. For the short tether length, the robot
experiences a higher disturbance and struggles to dampen
the oscillations in some cases, such that the robot becomes
unstable.

C. Autonomous Indoor and Outdoor Demonstration

In order to validate all three controllers in a relevant envi-
ronment, we first performed an indoor demonstration before
deploying AVOCADO outdoors. The robot was tasked with
following trajectories defined through the state references (2,
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Fig. 9. Following of an indoor trajectory over a branch and through a hoop obstacle downward (A-B) and upward (C-D). (A,C) Desired and actual robot
heading, tether angle and length and (B,D) 3D visualization of the recorded robot trajectory from the Intel RealSense T265 in Cartesian coordinates (X,y,z).

0 and 7. The trajectories have been predefined manually and
handled by a ROS node for execution. Videos of the indoor
and outdoor demonstration can be found in the supplementary
video S3.

For the indoor demonstration, the robot was suspended from
a horizontal beam, and the scene included a horizontal branch
(as described in section VI-B) and a hoop (dhoop = 0.4m,
Ahoop/Wrobot = 1.75). The robot had to pitch over the
branch, change its heading by nearly 180° and pitch again
to move through the hoop while continuously unspooling the
tether, before reversing the motions to move back up to the
starting position. The actual and reference states as well as
the recorded 3D trajectory, taken from the tracking camera,
are shown for three tests in Fig. 9, with downward trajectories
shown in Fig. 9A/B and upward movements in Fig. 9C/D. For
all three tests, the robot was able to follow the references and
only a small overshoot was noticeable for the heading. No
significant differences in the tether angle and length can be
observed between downward and upward motion. However,
the heading angle ) has some deviations, especially as the
robot needs to pass back over the branch. The release of the
tether from the branch together with the overshoot from the
heading controller lead to a disturbance at ¢ = 45s, which is
also clearly visible in the 3D trajectories (Fig. 9D). Neverthe-

less, the robot is able to reject the disturbance, as previously
shown in the branch interaction experiments (section VI-B),
and continue its trajectory back to its starting position.

The recorded 3D trajectories (Fig. 9B/D) differ slightly as
the robot had to be manually positioned correctly during code
start-up, at which point the camera’s world coordinate frames
were initialized. Furthermore, a slight change in the tether
contact point with the branch could result in a change in 3D
trajectory due to the flexibility of the branch.

In terms of robot states, the platform is robust and reliable
with no significant differences between tests (Fig. 9A/C). We
computed the maximum and standard deviation of the state
errors E, i.e. max(|E]|) and o(|E|), as well as the absolute
tracking error F, for all state variables x as:

EF =aF —af,, (11)
1 N
Eo= |5 2_(E")? (12)

b
Il
—

with N the total number of recorded control cycles over
the three tests. The results for the downward, upward and
combined trajectory are summarized in Table II. In general,
low errors are achieved for the three robot states, with the
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Fig. 10. Following of a predefined trajectory outdoor around multiple branches. (A) Desired and actual robot heading, tether angle and length. (B) 3D
visualization of the robot trajectory in Cartesian space based on the tracking camera. Branch locations are purely qualitative and do not fully resemble the

outdoor environment.

TABLE I
MAXIMUM AND STANDARD DEVIATION OF THE STATE ERROR E AND
ABSOLUTE TRACKING ERROR E, FOR THE THREE STATE VARIABLES 6,2
AND l7 OVER THE CONTROL CYCLES OF THREE TESTS FOR THE INDOOR
(DOWN, UP, COMBINED) AND OUTDOOR (DOWN) DEMONSTRATION.

Trajectory Parameter maz(|E|) o(|E]) Eq Unit
0 6.61 2.06 2.88 deg
Indoor Down Q 34.19 9.04 11.81  deg
It 0.020 0.004  0.009 m
0 7.60 2.14 3.06 deg
Indoor Up Q 47.51 11.60 14.65  deg
I 0.026 0.006  0.010 m
0 7.60 2.10 297 deg
Indoor Combined Q 47.51 10.42 13.30  deg
It 0.026 0.005  0.010 m
0 6.60 1.83 2.49 deg
Outdoor Down Q 44.11 8.68 13.46  deg
I 0.34 0.11 0.15 m

error in the heading angle ) being the largest, both in terms
of the maximum error, mean and tracking error. The robot is
able to better track the trajectory during the downward motion
and a noticeable increase in error in {2 can be observed for the
upward motion due to the overshoot and tether release from
the branch.

After ensuring repeatable and reliable indoor performance,
we deployed the robot outdoors in a representative environ-
ment. The robot was manually attached to a tree branch
roughly 4m above ground and followed a predefined tra-
jectory around three branches downwards. The desired and
actual robot states for three tests are shown alongside the 3D
trajectory, obtained from the tracking camera, in Fig. 10. The
robot was able to track the reference trajectory well with some
oscillations visible for both the heading angle (2 and tether

angle 6. These disturbances are likely due to a combination of
several factors: i) wind, ii) ground effects from surrounding
branches and foliage, as well as iii) tether interaction with
branches/foliage and slight slipping of the tether on the
branches. In Table II, the maximum and standard deviation
of the state errors E and the absolute tracking error E, are
listed for the outdoor demonstration. The tether angle and
heading angle errors are comparable to the indoor downward
demonstration. The error in the tether length I is larger due
to the reference sent to the robot being too steep for the servo
motor to match (Fig. 10A). Visualizing the position estimate
in Cartesian space of the tracking camera (Fig. 10B) reveals
that the position estimation drifted in one out of the three
tests. While no ground truth is available, it is clear that the
blue test shows significant position estimation drift after the
first pitching motion at ¢ ~ 20s, leading to a false estimated
3D trajectory for the remaining time. While forests provide a
large amount of features for VIO, current depth and tracking
cameras struggle to operate in these environments due to the
low and constantly changing light conditions and dynamic
movement of the environment. Our controller, working with
the camera’s orientation estimation, i.e. 2 and 6, was not
affected by this drift in position and could complete the given
task without a problem. Nevertheless, to further advance into
a fully autonomous operation of the robot, accurate position
estimation will be required to map the outdoor environment
and for path planning algorithms to be successful.

VII. CONCLUSION

In this work, we presented the aerial-tethered robot
AVOCADO for locomotion in tree canopies in detail with
respect to design, dynamic modeling and control. Taking our
previous work as a basis, we improved upon our work with a
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fully enclosed robot with a soft shell, increased computational
power and the integration of a tracking camera for state estima-
tion. We modeled the full dynamics of the robot, validated the
model in quasi-static and dynamical conditions. We showed
that static as well as dynamic limits need to be considered
when simulating the robot behaviour. Therefore, we were able
to transfer the controllers developed in simulation with some
re-tuning of gains to the real robot with good results. Indoor
and outdoor demonstrations showed that the robot is able to
autonomously track a predefined trajectory around obstacles
with high accuracy and precision. The developed controllers
are robust to tether lengths of up to two metres, can handle
tether interaction with obstacles and reject light disturbances
due to wind and ground effects when operating inside the
tree. Stronger disturbances can be rejected if the free tether
length is sufficiently long. With respect to future works, the
dynamic model also lays the foundation for investigating more
advanced, model-based controllers. The main limitation is the
need for human intervention for deployment. Currently, the
robot needs to be manually deployed before operation. Further-
more, human intervention is needed in correctly orienting the
robot during start-up as no global positioning nor orientation
is available. While featuring a tracking and depth camera,
this work does not cover the topics of visual perception and
path planning in the target environment. Nonetheless, vision-
based systems can contribute significantly by identifying gaps
and optimal paths to safely navigate in traversable regions
of the canopy. In fact, localization and mapping information
could be utilized to estimate intermediate anchor points of the
tether with the surrounding environment to possibly improve
the control of the robot as well as to support path planning.
Therefore, future work will investigate appropriate localiza-
tion, mapping and path planning strategies, aiming to enhance
autonomy in dense and cluttered settings. With a robot capable
to autonomously operate within the tree canopy, novel data
could be acquired to understand and actively monitor the true
value of these ecosystems.

APPENDIX A
CONTROLLER IN SIMULATION

We first developed the controllers in simulation (Fig. 11),
moving incrementally from the 2D control of 6 and I to a
full 3D control with 2. The high-level controllers were initially
tuned in simulation, before implementation and further tuning
on the hardware. Therefore, the high-level control architecture
is identical with the robot. We provide references in the
spherical coordinates I7, 6 and €) and in simulation compute
the state based on the EOM, thus allowing us to compute
the errors for the three controllers. The length controller is a
P controller and outputs a commanded tether velocity 7 cmaq.
The planar controller is a PID controller with the output being
a commanded thrust 7,,,q to achieve the reference tether
angle 0,.¢. The commanded thrust is saturated to a minimum
thrust of Ti,,q > 0.05N to replicate the hardware, in which
arming the flight controller causes the propellers to spin at their
minimum speed. The heading controller computes a reference
angular velocity wy .y for the low level controller. The low
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Fig. 11. An overview of the controllers used in simulation.

level torque controller then computes the input 7.,,q to the
robot model based on the error €w, -

An investigation on the FC hardware was required before
implementing the low level torque controller adequately in
simulation. The low-level controller feedback on the robot
is based on gyroscopic data, which is measuring angular
velocities with respect to the inertial frame axis (zx, 7y, 72)-
As the angular velocity vectors Q) and ¢ are not orthogonal,
they give rise to cross products when calculating the angular
velocity 7w, about the inertia’s frame axes 7y. Therefore, the
angular velocity 7w, that the robot experiences and that needs
to be controlled in simulation can be written as [37]:

7w, = Qcos(0) + ¥ (A.13)

according to the angle definitions in Fig. 3. This low-level
controller on the robot is running at a rate of 4 kHz, whereas
in simulation the main time step of dr = 0.01s is used.
Furthermore, in simulation the commanded torque 7.p,q iS
directly applied, whereas on the robot the commanded torque
is translated to a pulse-width modulation (PWM) signal for
the motors by the FC.
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