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Abstract— The use of aerial vehicles for exploration and data
collection has the potential to significantly aid environmental
monitoring in environments which are dangerous and hard
to navigate. However, within these environments navigation
can often be restricted by overhangs which are challenging
to navigate, particularly so with the high payloads required
for environmental monitoring. We propose utilizing a tethered
bicopter with horizontal propellers. This spherical pendulum
like system can exploit the tether, not only as a means of
powering and recovering the robot, but also to assist its motion,
i.e. by swinging to increase the workspace of the robot. Using
PD-based control, we demonstrate how the system can be
stabilized and bang-bang control to excite the system to achieve
large amplitude swinging. By combining these controllers, we
show how the system can be used to navigate in a glacial-
inspired scenario where there are overhangs and obstacles
through which the robot must navigate.

I. INTRODUCTION

Flying robots and drones can demonstrate significant ma-
neuverability, allowing for high-speed and precise motions
to be performed. These capabilities have been utilized to
develop flying robots which can assist with search and
rescue scenarios, provide sensory data capture for agricul-
ture domains, or even provide manipulation capabilities [1].
Environmental monitoring and exploration is one area where
drones have significant potential [2], [3]. One particularly
challenging case is the monitoring of extreme environments
such as within glacial crevasses or moulins [4], [5]. These are
extremely dangerous situations in which aerial robots could
assist in monitoring and data-collection, reducing the risk
to human field-scientists and allowing more frequent data
sampling. However, there are a number of domain specific
problems; large payloads can be required, the environment
can be hazardous and have a complex structure, e.g. over-
hanging rocks or icicles [6]. These challenges can mean
typical drone technologies are not best suited, in particular so
for sustaining the movement of heavy monitoring or imaging
equipment.

Tethered robotic systems have been shown to have many
advantages in different domains, e.g. for locomotion in ex-
treme environments [7], underwater exploration [8], or power
generation [9]. Besides a reliable power and communication
channel, tethers provide a mean of assisting or recovering the
system. Utilizing tethers for drones could provide similar ad-
vantages. They can provide a physical constraint and ability
to limit or control the motion of a robot. Further, tethers can
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Fig. 1. Left: The proposed tethered bicopter design with horizontal
propellers. Right: The tethered bicopter exploits dynamic swinging to
descend and explore a glacial moulin.

allow for heavier loads to be flown. A number of tethered
drones have already been shown including [10] and [11]. In
[10] the tether is used to estimate an aerial vehicle’s position
where a swarm of tethered aerial vehicles is considered
in [11]. In both cases, the tether is not considered to be
taut, introducing a risk of entanglement, neither is the tether
leveraged to provide physical advantages to the robot. The
authors of [12] and [13] introduce controllers for tethered
aerial vehicles. However, in both works a tether is assumed
to be connected below the aerial vehicle and the aerial vehicle
flies above an anchor point on the ground.

An alternative approach is to utilize a flying robot with
horizontal propellers, where the robot is suspended and
hanging on the tether. The authors of [14] show the mass
balance and capabilities of such an example system whereby
the system is modeled as a double pendulum. The dynamics
and control of propeller driven pendulum swinging in one
plane with a rigid connection between anchor point and
pendulum have been studied in [15]. The authors of [16]
propose a bicopter design where propellers produce thrust
perpendicular to the robot’s tether. To further exploit pro-
peller driven tethered robots, additional control approaches
must be explored, in particular those that exploit the spherical
pendulum like nature of such systems. We propose a novel
tethered robot design with two horizontal propellers for
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deployment and monitoring in harsh conditions.

The proposed robot is well suited for use in extreme
environments, e.g. glacial moulins or cave exploration, as
the horizontal propellers are less susceptible to ice or debris
falling from above. To prevent collisions in these unknown
environments, it is possible to shield the propellers. The
hanging nature of the robot ensures constant tension in the
tether and allows the workspace to be actively controlled
through the tether length.

The specific arrangement of the presented robot’s compo-
nents, i.e. the center of gravity being below the thrusters and
the robots body being short compared to the tether length,
allows expressing the robots dynamics as a simple pendulum.

By exploiting model-free PD-based control, we seek to ex-
plore how simple control policies can be used to stabilize the
robot around the workspace. To explore how high payloads,
e.g. environmental monitoring equipment weighing 4kg or
more, could be carried or deployed within the environment,
we propose a number of controllers that exploit the bodies
pendulum dynamics to expand the workspace of the robot.

The contributions of this paper are threefold:

o« We propose a novel tethered bicopter with horizon-
tal propellers, where the design simplifies control and
allows the addition of automatically stabilized sensor
payloads.

o We describe the dynamics of the proposed tethered bi-
copter and introduce novel control schemes to stabilize
it, to navigate on a cone and present operational stability
constraints.

« We exploit the dynamics of the system and the proposed
control algorithms to reach targets outside of the robot’s
stable area of operation.

II. METHODS

In this section, we first describe the presented robot, a
tethered bicopter with horizontal propellers. The equations
of motion for such robots are then derived, after which we
introduce a control scheme that allows for stabilization of
the robot, and can exploit the dynamical behavior through
swinging.

A. System description

Fig. 2 shows the tethered bicopter with horizontal pro-
pellers. The propellers are mounted symmetrically at a
distance d from the center. They generate a thrust, F;, and
F,, respectively. The fixed end of a tether is connected to an
anchor point above the robot while the other end is connected
to robot directly in the middle of the two propellers. The
robot’s body has height, i, and mass, m, whereby the center
of mass is located below the propellers when the robot hangs.
An inertial coordinate system located at the anchor is used
to express the robot’s position and orientation. The position
of the robot, with respect to the anchor point is described by
the length of the tether, /, and the angles, ¢ and 0, whereby
0 and ¢ describe the inclination of the tether with respect
to the vertical axis and the orientation of the tether in the
horizontal plane. Finally, the angle, y, describes the free

a) side view b) top view

Fig. 2. Force diagram of the tethered bicopter robot in a) the side view
and b) the top view. The inertial frame is located at the anchor point of the
tether. The tether of length, /, is connected to the robot.

rotation of the robot around its attachment to the tether in a
horizontal plane. Thus, the angle, y, can be interpreted as
the robot’s yaw angle. Fig. 2 shows the tethered robot in the
inertial coordinate frame, where the position, orientation and
forces acting on the robot are indicated.

B. System modeling

For long tether lengths, / >> h, we assume the robot’s
body can be modeled as a point mass, m, to derive its
kinematics. The position of the robot is given by:

x=1sinfOcos P
y=1IsinBOsin¢ (1)
z=1cosH

To model the dynamics of the robot, the thrust generated
by the left and right propellers, F; and Fg, and the grav-
itational force, F, = mg, are considered. F; and Fg act in
the horizontal plane as the horizontal propellers are rigidly
attached above the center of gravity. Thus, they act on the
rotation of the robot through Dr = F;, — Fg and contribute
to its forward movement with Sg = Fy + Fr. Using Euler-
Lagrangian method, the system dynamics can be derived as:

. S 0
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When the angle 6 is close to 0, both ¢ and y have the
same dynamics, as rotation of the robot also change directly
its orientation. Note, the torsion of the tether introduces a
moment, which is given through the tethers’ modulus of
rigidity, G, and the torsional constant, J, of its material.
For long tethers or when the tether is mounted such that its
rotation is decoupled from the robot’s body, its contribution
to the system dynamics is negligible and therefore can be
ignored.

With three degrees of freedom and only two thrusters, the
system is underactuated. The deviation from vertical, 6, and
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the robot’s deviation from the ¢-plane, y, are directly con-
trollable by the sum and difference of the thrust, Sr, and Dp.
However, the robot’s position, ¢, is coupled to both inputs,
Sr and Dr. When the robot’s thrusters are off, its dynamics
simplify to those of a spherical pendulum. Maintaining stable
flight behavior and avoiding loss of balance requires active
control of the robot.

C. Controller design

A control scheme to set the robot’s heading angle, v, and
its deviation from the vertical, 8, is proposed. It is shown,
that by controlling ¥ and 6, the robot stabilizes as well in
¢. The deviation of the robot from the vertical axis, 6, is
directly linked to the sum of the input thrusts, Sr. Control
inputs, ug, correspond to a percentage of throttle command
for left and right thruster. They map to the sum of thrust by
a non-linear function

Sf :f(u9> with Sf € [Sf.minysf,max] 3)

and cause the robot to stabilize at:

S
6" = arctan (—f) ()]
Fy
The robot’s heading angle, y, can be controlled using a
feedback controller,

uW:PD(W*_ﬁI)a (5)

where y* is the setpoint angle and V¥ is the estimated heading
angle. The gains of the PD controller depend on the robot’s
inertia and can be set accordingly.

The percentage of throttle setpoints of the two propellers
can therefore be given as a function of ug and uy:

Ug
o Ty
o (6)

Uright = 7 —Uy.

Uleft =

For setpoints, y* and 6*, the robot stabilizes automatically
at ¢ = y* and thus it stabilizes in 0, ¢, and y.

1) Moving around the cone: In order to move from one
point, 6y, ¢o, Yo, to another point O,¢;,y;, a trajectory
controller is introduced to linearly interpolate between the
two setpoints and apply intermediate steps, AG,A¢, Ay, such
that the system does not loose stability. For a constant
input thrust, Sy = constant, the robot’s operational range is
described by a cone.

2) Swinging: For stable flight the operational range of the
robot is limited by

S
0,,4x = arctan (M) @)
£
However, it can be extended by exploiting the robot’s
pendulum dynamics. When the robot faces direction, ¢, the
period of the natural frequency of the system is given by

T= 27r\/7 ®)
8

A
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Fig. 3. The two propellers are located left and right of the robot’s
middle. The tether lead-out is centered at the robot’s top. Payload, power
management system, motor and flight controller and companion computer
are mounted below the propellers.

Note, the natural frequency is independent of the robot’s
mass and hence its payload. Two control schemes are pro-
posed to excite the system at its natural frequency to build
up momentum to extend the operational range.

a) Bang-bang thrust control: To excite the robot at
its natural frequency, the input thrust, Sy, can be set to be
periodic, in the form of:

fort <T/2
forT/2<t<T

S f.min

where the heading angle, y*, is kept constant. This results in
the robot swinging forward and backward gradually building
up momentum. Note, in this control scheme the robot always
faces into the same direction, ¢.

b) Bang-bang y control: In a second and contrasting
controller the robot is excited with a constant thrust, Sy, and
its commanded heading angle, y*, has a periodic form of:

©))

for0<r<T/2

_Jo
V= {-q; for T/2<t<T (10

Under this control scheme the robot is swinging in the
¢-plane. After reaching the highest point in the swinging
motion it performs half a turn. Note, according to (3), the
robot will only fly stable in the ¢-plane,if it turns fast enough
at the peak points, i.e. Yy = +7.

D. Experimental setup

Fig. 3 shows the mechanical setup of the tethered bicopter.
It is constructed from two vertical aluminum beams which
are linked by 3D-printed connectors. The two propellers,
the system’s power management system, the flight controller
and companion computer are mounted to the extendable
aluminum beams. The robot weighs approximately 1kg. Two
brushless DC motors drive the propellers. The motors are
controlled via a Foxeer Reaper Mini Electronic Speed Con-
troller which receives commands from a Holybro Pixhawk
6X flight controller that runs a modified PX4 firmware,
see [17]. The PX4 flight stack implements an Extended
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Fig. 4. The maximum tether angle that is measured for different thrust

setpoints for two different lengths of tether, / = 1.8m and [ = 0.8m.

Kalman Filter which estimates the vehicles attitude, i.e. its
heading angle, . Further, it provides information about the
system’s power status. The Pixhawk 6X flight controller
is connected via Ethernet to an onboard companion com-
puter. The onboard companion computer is a Nvidia Jetson
Nano. The companion computer implements a web-based
user interface and the control algorithms to achieve stable
flight and swinging motion using ROS 2, [18]. Control
algorithms transmit data at 100Hz. Sensor measurements,
system statistics and user inputs are transmitted via WiFi
from the companion computer to a ground station.

III. EXPERIMENTAL RESULTS

In this section experimental results are presented that
showcase the performance of the controllers and the demon-
stration of their use. First, it is shown that the robot can
achieves stable flight for varying 6 setpoints with different
thrust inputs. Second, it is shown that the robot can move
stable on a cone if the rate of turn is selected appropriately.
Comparison of the swinging controllers of the swinging
controllers and their resulting dynamic behaviors are then
explored. Finally, it is demonstrated how the robot can
exploit swinging to extend its operational range.

A. Moving out of the vertical

The proposed robot is capable to achieve stable deviation
from the vertical for different tether lengths. The robot starts
hanging at 8 = 0 below its anchor point. Initially, the thrust
is set to 0, which is then increased to 0.9 of the maximum
thrust. In response, the robot deviates from the vertical and
0 gradually increases. Eventually, the robot stabilizes at

S
6y.9 = arctan ( ";’0'9 ) (11

g
Fig. 4 shows how the robot converges for two tether lengths,
Iy =09, and I, = 1.8, with the robots position recorded
using an Optitrack motion capture system. The system is
stable in ¢-direction. For the longer tether length, I, 6y9 is
slightly slower than for the shorter tether length. We believe
this results from the center of mass being below the tether

attachment point such that the system could be considered
as a double-pendulum. Further work is required to better
explore this effect.

B. Moving around on a cone

If the robot flies at a constant angle 8%, and the yaw
setpoint, y*, is varied, the robot will change its ¢ position
and eventually stabilize at y = 0. However, if the robot
changes its heading angle to quickly, it will severely increase
the duration until the robot stabilizes. In this experiment, the
robot starts with a constant angle, 6, and is commanded
to turn 180 degrees. The trajectory controller limits Ay.
Depending on the step size of Ay, the robot requires different
times to complete a 180 degree turn. Fig. 5 shows the
position of the robot as it performs a 180 degree turn and
stabilizes for three different controller rates and two tether
lengths. Note, the gains of the PD-controller to stabilize in
the yaw direction are constant across all trials. For lower Ay,
the robot describes an arc for both tether lengths. When Ay is
too large, i.e. the turning period is too short, the robot looses
balance and requires a long time to stabilize. This is clearly
seen by the s duration turns, which result in significant
oscillations after making the 180 degree turn.

C. Swinging

The two proposed swinging controllers are evaluated while
the robot caries payloads between Okg and 4kg. The robot
starts with no thrust hanging below its anchor point. In each
experiment, the deployed controller either commands varying
thrust or yaw commands to the robot. Both controllers create
a swinging motion. The thrust varying controller keeps the
robot facing forward, while the yaw varying controller turns
the robot 180 degrees when it reaches its limits on either side
of the swing. Fig. 6 shows the robot’s trajectories recorded
with a motion tracking system.

For the thrust varying controller, the robot is swinging
smoother back and forth than for the yaw varying controller.
However, small perturbations in the robot’s heading angle
when swinging backwards with no thrust, lead to a gradual
change in the robot’s ¢ angle. With no load the robot requires
eleven periods until it reaches the maximum swinging angle,
Xmax = 1.05m. After eleven periods the aerodynamic drag
of the robot is too high to increase its swinging distance
any further. For payloads of 2kg and 4kg, the robot reaches
x11 = 0.4 and x;; = 0.3 after eleven periods and will reach
lower maximum distances of x,,,, = 0.8m and respectively
Xmax = 0.7m after 25 and 34 periods respectively.

The yaw varying controller is reaching a maximum swing-
ing distance, x,,,, = 1.2, after just six periods. For payloads
of 2kg and 4kg it reaches similar distances. The alternating
turning direction of the robot reduces the robot’s deviation
for higher payloads. For no payload, the robot’s yaw angle
does not stabilize fast enough and it leads to more chaotic
flight behavior. Note, for the yaw varying controller the robot
has reached greater swinging distances after six periods than
the thrust varying controller. The thrust varying controller
requires approximately two times more excitation periods
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The robot is commanded to turn 180 degrees. The underlying controller limits its turning speed. The left figure shows the robots trajectory for a

tether length of 1.8m, the left one for 0.9m. If the robot moves too fast, e.g. completes a turn in one second, it looses balance and requires a long time to

stabilize at its new position.
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Fig. 6. For the two control strategies (with and without turning) the distance
moved in the x axis is shown until steady state swinging is achieved. This
is performed for different payloads, and the number of cycles to achieve
this steady-sate swinging is shown.

to reach the maximum swinging distance than the yaw
varying controller, while achieving lower maximum swinging
distances for all payloads.

D. Demonstration

The proposed swinging controller can be used to increase
the operational range of the presented tethered bicopter. Fig.
7 demonstrates how the tethered robot navigates around two
obstacle to reach a target. The robot starts its descend close
to its anchor point. It descends with a constant angle 0
to navigate around a first obstacle. To overcome a second
obstacle, the robot exploits its swinging dynamics. When
reeling out the tether, the kinematic model’s assumption of

a constant tether length is violated. In practice, this does not
affect the robot’s ability to stabilize. Note, the robot can also
be retracted using the same scheme.

IV. DISCUSSION AND FUTURE WORK

Developing robots for exploration of complex structures
and terrains has the potential for significant impact in en-
vironmental research. Motivated by this, we investigated
control approaches for a bicopter robot with horizontal pro-
pellers, which is suited for the exploration of extreme terrain,
and has the capabilities to carry high payloads. We propose
control approaches which use only IMU data from the robot,
and leverage both stabilization and swinging to navigate
around obstacles and explore structures with overhangs. The
robot’s potential to explore complex natural environments is
shown in laboratory demonstrations.

Although the demonstrated PD-controller allows for con-
trol of the robot, and the gains can be tuned to prevent
notable overshoot, further work to improve the autonomy and
stabilization of the underactuated robot should be explored.
To develop improved controllers additional sensors are re-
quired, e.g. measurements of the tether angle or a localization
method based on LiDAR or visual measurements. Combining
additional sensor measurements with a model of the thrusters
and the system dynamics would allow the application of
Model Predictive Control (MPC) to be explored. Different
control methods could be evaluated in simulation.

Finally, to assess the robot’s control and application
capabilities, it could be rappelled into a glacial moulin
for exploration and to gather data. In addition, this would
advance glacial research, where to date, there has only been
manual exploration. Here it would be possible to compare
and contrast the performance to a drone, to quantify the
advantages in terms of payload, maneuverability, stability
and usability.
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