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Abstract— Investigations of unmanned aerial vehicles (UAVs)
for planetary exploration and payload manipulation have
become a strong focus of research within space robotics.
Among possible solutions, balloon-based systems possess merits
that make them extremely attractive, such as their simple
operation mechanism and endured operation time. However,
there are many hurdles to overcome to achieve robust trajectory
tracking performance for balloon-based applications. In this
work, in order to facilitate the control and versatile use
of balloons for near-surface planetary payload manipulation,
a novel robotic platform and control strategy featuring the
coordinated servoing of multiple unmanned ground vehicles
(UGVs) to actuate a cable-driven balloon and the suspended
payload is proposed. An earthbound prototype and dynamic
model of this system are designed to allow for the investigation
of payload trajectory tracking performance using a tailored
Model Predictive Controller in simulation and experiment.

I. INTRODUCTION
Building on a background of successful balloon usage for

exploration and reconnaissance on Earth and Venus [1], a
robotic platform that renders the use of balloons possible
for near-surface aerial mobility and payload manipulation
can facilitate access to extreme extraterrestrial terrains and
provide new capabilities for planetary reconnaissance, con-
struction and communication. To this extent, a collaborative
project between Caltech’s Center for Autonomous Systems
and Technologies (CAST) and Northeastern University’s Sil-
iconSynapse Lab is initiated and aims to discuss a novel actu-
ation and control framework to enhance low-altitude balloon
control capabilities and increase balloon-system versatility.

Other unmanned aerial vehicles (UAVs) such as gliders,
rotorcraft and flapping-wing robots have been proposed [2]
and deployed [3] for planetary exploration, but can suffer
practical issues such as a lack of flight endurance and
limited aerodynamic efficiency in environments with a low
atmospheric density [4], [5]. The balloon’s simple operation
mechanism and endured operation time with minimum en-
ergy throughput have thus made it attractive for future plan-
etary missions. Prior studies have for instance highlighted
applications of balloons to suspend communication devices
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Fig. 1. Novel prototype of a cable-driven balloon with an underactuated
hanging payload actuated by the coordinated servoing of multiple UGVs

[6], [7], deploy payloads in Martian craters [8], and perform
atmospheric observation and terrain reconnaissance on Mars,
Venus or Titan [9], [10], [11], [12]. For both terrestrial and
extraterrestrial applications however, underactuated dynam-
ics of slung payloads and environmental factors such as wind
disturbances and changing balloon-atmosphere interactions
due to a variable thermal environment [13] make effective
trajectory prediction and control of these buoyant structures
demanding [2], [14]. For high-altitude balloons, some inde-
pendent systems to alter altitude and lateral balloon position
have hence been suggested previously [15], [16], [17], [18]
and for near-ground balloon-payload manipulation, a fixed
actuator cable-driven balloon concept to set a predetermined
balloon payload position within a bound area for the purpose
of terrestrial rescue reconnaissance was put forward [19],
[20]. Yet despite these efforts, the development of mobile
balloon-payload actuation concepts and active closed-loop
control strategies enabling precise three-dimensional payload
manipulation remains an open challenge and is a major
difficulty to overcome to enable the use of balloon systems
for planetary aerial mobility operations.

In response to this problem, considering a focus on near-
ground balloon usage for future planetary applications such
as scientific exploration, construction or mobile communi-
cation stations, in this work it is first proposed to increase
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the action-radius and versatility of a cable-driven balloon
system by newly utilizing omnidirectional ground vehicles
tethered to a balloon to indirectly regulate the motion of a
suspended, underactuated payload. An earthbound prototype
of this actuation framework is presented. To achieve closed-
loop trajectory control for such a system, given difficulties in
obtaining experimental data in extraterrestrial environments
it is suggested to pursue model-based control paradigms
which can be readily adapted to a variety of system configu-
rations and environments. Reasonable models of the system
dynamics can be developed for this purpose and may be
extended by available complex balloon-atmosphere interac-
tion models and wind prediction methodologies [21], [22],
[23], [24] going forward. In the following, it is commenced
by deriving a nonlinear dynamic model of the proposed
prototype framework without thermal effects for an arbitrary
number of ground vehicle actuators. A tailored Model Predic-
tive Controller (MPC) is consequently designed to determine
optimal actuator inputs for smooth and precise tracking of
the suspended payload trajectory. The control performance is
lastly investigated in simulation and experiments with a Real-
Time control architecture provide first validation results.

II. SYSTEM OVERVIEW

The prototype of the proposed robotic system shown in
Fig. 1 features a balloon with a polyvinyl-chloride membrane
and an empty structural mass of ∼ 3.6 kg and a diameter
of 2.2 m. It is filled with Helium, such that it is capable
of lifting a payload mass of up to ∼ 2 kg at sea-level. The
illustrated payload has a mass of 1 kg throughout testing and
is attached vertically beneath the balloon’s center. The shown
two-part tethering configuration is used in order to reduce
unwanted pitch and roll movements of the payload about its
tether fixation point. Based on prior reasoning for the use
of three actuation points to sufficiently regulate cable-driven
balloon position [20], three mecanum-wheel omnidirectional
UGVs are chosen to actuate the balloon-payload system
using individual tether connections consisting of a thin, fabric
string. The UGV-balloon tethers are directly fixed to the
balloon surface at an elevation angle of 30° from the equator
with equal azimuth angles of 120° between each other. Every
ground robot possesses a module that receives wireless con-
trol commands in form of serial communication packets from
a central control machine and transmits these to an onboard
microcontroller. The microcontroller then generates low-level
signals that drive the UGV omnidirectional wheels. The
central controller is run using Simulink Desktop Real-Time
(SDRT) software to generate and send control inputs. The
use of SDRT permits seamless implementation of simulated
control algorithms on robot hardware.

III. DYNAMIC MODEL

In this section, a three-dimensional continuous-time dy-
namic model for the proposed balloon-payload system with
an arbitrary number of n actuating UGVs is discussed. The
highly-nonlienar equations of motion are derived and imple-
mented in a MATLAB and Simulink simulation framework.

Payload

Taut rope

UGV

Balloon

Fig. 2. Model diagram of balloon, payload, and mecanum-wheel UGVs.

The balloon is modeled as a 6-DOF rigid body. The vec-
tors rB = [xB , yB , zB ]

⊤ and ΘB = [ϕB , θB , ψB ]
⊤ are cho-

sen to represent the inertial position of the balloon’s center
of mass and attitude Euler angles, respectively. The tethered
payload is assumed as a point-mass single pendulum, where
its motion relative to the balloon is described with two
coordinates ΘP = [ϕP , θP ]

⊤ and the payload position in the
inertial reference frame is denoted by rP = [xP , yP , zP ]

⊤.
The above coordinates are illustrated in Fig. 2.

To reduce model complexity for controller development,
the omni-directional UGVs are constrained to move on a
flat ground plane, where each UGV motion is analyzed with
a configuration kinematic model (CKM). The CKMs offer
a mathematical model that relates the kinematic states of
the UGVs to the physically commanded inputs. The UGV
center of mass positions ri = [xi, yi, zi]

⊤, i ∈ {1, . . . , n} as
portrayed in Fig. 2 and their heading angle about the z axis,
denoted by θi, are used for developing each CKM.

Due to the motional constraints imposed by the tethers
connecting each of n UGVs to the balloon, the entire system
possesses 8 + 2n degrees of freedom. As only one tether
links the balloon to the pendulum, the payload is furthermore
underactuated. The payload and robot tethers have respective
constant lengths denoted by lP and lR and their respective
directions are parameterized by unit vectors êP and êi. The
quantities rBP and rBi illustrated in Fig. 2 describe the
distance vectors starting from the balloon center of mass and
directed towards the payload attachment point and the i-th
UGV tether attachment point respectively.

A Newton-Euler approach is employed to first obtain the
equations of motion of the isolated balloon system. The
upwards directed net buoyancy force acting on the balloon
is defined as

FB,z = (ρa − ρg)VBg −mBg (1)

for a balloon of structural mass mB with internal gas volume
VB , where g, ρa and ρg denote the gravitational acceleration,
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atmospheric density and density of the gas contained in the
balloon, respectively. The remaining external forces acting
on the balloon are the aerodynamic drag force vector, FD,B,
the pendulum (payload) tether tension force vector, Tp, and
the tether tension force vector between the balloon and the
i-th UGV, Ti. Each tether force vector can only act in the
direction of the corresponding tether and is parameterized
based on its magnitude and direction, as shown in (2). Note
that while complex elastic tether models could be used, with
presently minimal tension forces it is chosen to represent the
tether connections as inelastic and massless strings that can
only support tensile forces.

For a balloon with body-fixed moment of inertia tensor IB ,
the translational dynamics in the inertial frame and rotational
dynamics in balloon-body frame are consequently obtained
as follows:

m′
B r̈B = FD,B(ṙB,vw) +TP +

n∑
i=1

Ti +W′

IBω̇
b
B + ωb

B × IBω
b
B = Mb

P +

n∑
i=1

Mb
i

TP = ∥TP∥êP, Mb
P = (rbBP ×R0bTP),

Ti = ∥Ti∥êi, Mb
i = (rbBi ×R0bTi)

(2)

where W′ = [0, 0, FB,z]
⊤ and an added mass arising from

the air mass that is moved along with the balloon [10] is
included in the term m′

B . The drag model can furthermore
include the effects of an external wind disturbance vector
vw. The superscript (.)b denotes a quantity in balloon body-
fixed frame and the symbols ∥.∥ and × signify the Euclidean
norm and the vector cross-product, respectively. The angular
velocity ωb

B is used to define the roll, pitch and yaw rates in
body-fixed frame. The homogeneous transformation matrix
R0b ∈ R3×3 used in (2) transforms the tether forces and
moments from the inertial system into the body frame.

To identify the dynamics of the payload, in the following
procedure explicit equations for the angular accelerations
Θ̈P = [ϕ̈P , θ̈P ] and the tether tension force magnitude ∥TP∥
are derived. First, in (3) the payload position in the inertial
frame (rP) is expressed using geometric relations known
from the balloon model. Here, the unit vector êP is expressed
solely as a function of the payload coordinates ΘP, whereas
all other quantities are dependent only on the balloon coor-
dinates rB and ΘB. The first and second order derivatives
of (3) are consequently formed to yield expressions for ṙp
and r̈p. The three-dimensional equations of motion of the
payload in the inertial system are formulated and presented
in (4) , where FD,P represents the aerodynamic drag acting
on the payload alone and WP is the pendulum weight vector.

rP = rB +R0b
⊤rbBP + lP êP (3)

mP r̈P = FD,P(ṙP,vw)−TP −WP (4)

Next, the introduced expression for TP in (2) and the
quantities rP, ṙp and r̈p obtained in previous steps are
substituted into (4). After further substitution of the quan-
tities Θ̈B and r̈B solved in (2), the result is rearranged

for the three payload variables ϕ̈P , θ̈P , ∥TP∥. The combined
balloon-payload dynamics are obtained and are given by

xBP(t) = [ rB
⊤,ΘB

⊤,ΘP
⊤, ṙ⊤B, Θ̇

⊤
B, Θ̇

⊤
P ]⊤

ẋBP(t) = f(xBP(t),Ti,vw)
(5)

where the nonlinear function f(xBP(t),Ti,vw) describes
the evolution of the state vector xBP(t).

A. UGV Configuration Kinematics Model (CKM)

The selected UGVs use mecanum wheels (also referred to
as Swedish wheels) to facilitate omni-directional motion. As
the robots are modeled using a CKM formulation, the inputs
for the purpose of higher level control are chosen to be the
second time derivative of planar position and heading angles
of the UGVs. The control inputs of the i-th UGV are thus
denoted by ui = [ui1 , ui2 , ui3 ]

⊤, where ui,1,ui,2 and ui,3
command the respective rover accelerations ẍi, ÿi and θ̈i in
the inertial reference frame.

Though this input structure can be implemented in sim-
ulation, in the physical system the input accelerations ui

cannot be directly actuated. The four mecanum-wheel speeds
of every UGV can however be independently controlled on
a lower-level such that the commanded accelerations are
achieved. The CKM is hence formulated to not only derive
the kinematic states of the UGVs in the inertial frame, but to
further obtain a set of four wheel angular velocity references
for each UGV. These can be derived from the forward
kinematics of mecanum-wheel rovers obtained in other work
[25]. The CKM formulation relating the acceleration inputs
ui to the kinematic states and the wheel angular velocities
of the i-th UGV is in summary given by:

xR,i(t) = [xi, yi, θi, ẋi, ẏi, θ̇i]
⊤

ẋR,i(t) = [ẋi, ẏi, θ̇i, ui1 , ui2 , ui3 ]
⊤

vR
i = R0i(θi)[ẋi, ẏi]

⊤, ωi
w = Tkin[v

R
i

⊤
, θ̇i]

⊤

(6)

where xR,i(t) denotes the kinematic states used for simula-
tion in the inertial frame, the column vector ωi

w denotes the
four mecanum-wheel angular velocities of the i-th UGV and
vR
i is the planar velocity vector in the i-th UGV body frame.

The matrices R0i ∈ R2×2 and Tkin ∈ R4×3 respectively
denote a 2D planar rotation matrix transforming into body
frame and the forward kinematics transformation [25]. In
(6), it is assumed that the center of gravity coincides with
the robot’s geometric center.

B. Tether Force Constraints

In reality, in addition to being underactuated, the tether
tension forces yield switching dynamics. These are over-
looked in the following by enforcing a set of constraints
when resolving control actions. The magnitudes of the
balloon-UGV tension forces ∥Ti∥ are obtainable from for-
ward kinematics by assuming the tethers always remain taut,
hence through enforcing that each distance vector between
the two tether ends, denoted by ∆ri, has a magnitude
that is always constant and equal to the tether length.
This purely state dependent distance constraint is expressed
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with a function Ki. After double-differentiation and further
state variable substitutions a set of n algebraic equations
(constraints) denoted by the functions ki, i ∈ {1, . . . , n},
which are implemented in simulation, is obtained. The tether
geometric quantities and constraint function expressions are
summarized in (7) below,

∆ri(xBP(t),xR,i(t)) = ri − (rB +R0b
⊤rbBi)

Ki(xBP(t),xR,i(t)) = ∥∆ri∥2 = lR
2

ki(xBP(t),xR,i(t), ∥Ti∥,ui,vw) = 0

(7)

where it is assumed for simplicity that the tethers are attached
directly to the center of gravity of the robot.

IV. ROBOT CONTROL

In this section, an MPC-based approach to achieve closed-
loop tracking of desired payload trajectories is described.
The control objectives and the constrained finite horizon
optimization problem building upon the previously derived
dynamic model are formulated in order to determine the
optimal control moves. The control architecture utilized for
testing in the Caltech CAST Arena is highlighted.

A. Objectives

The system’s main functionality is to transport a payload
aerially from an initial to a final rest point. The primary
control objective is hence to ensure that the payload position
rP reaches a goal position rP,ref within a given timeframe.
By providing time-varying reference positions to the con-
trol system, tracking of predefined waypoints, as could be
obtained from a path-planner, can furthermore be achieved.
Unfavorable dynamic modes and disturbances, e.g. caused
by Martian winds, can however agitate the system and cause
oscillations of the payload at rest or during the transport
phase. Such oscillations may destabilize the system and
decrease the the ability to reliably reach a target position.
Therefore, a secondary control reference seeking to minimize
the payload swing velocities is set as Θ̇P,ref = [0, 0]⊤.

B. Model Predictive Control Formulation

An optimal control problem over the prediction horizon
Tp is formulated as the following:

min
u(·)

∫ Tp

0

ΦL(t,x(t),u(t),d)dt

subject to: x(0) = x0, ẋ(t) = f(t,x(t),u(t),d)

|x(t)| ≤ ax, 0 = g(t,x(t),u(t),d)

|y(x(t))| ≤ ay, uv ≥ 0, |uR| ≤ au

(8)

where the states x(t) = [xBP
⊤,xR,1

⊤, . . . ,xR,n
⊤]⊤ and

outputs y(x(t)) = [rp
⊤, Θ̇⊤

P]
⊤ for the prediction model

assume a total of n UGVs. In the constraint equations above,
a disturbance term d = vw is included to account for
effects of the wind velocity on drag forces. The input vector
denoted by u(t) = [uv(t)

⊤,uR(t)⊤]⊤ is composed of inputs
to the balloon-payload system in form of the UGV-balloon
tether tension forces uv(t) = [|T1|, . . . , |Tn|]⊤ and inputs
to UGVs uR(t) = [u1

⊤, . . . ,un
⊤]⊤.

As the control problem mandates positive tension force
magnitudes across the prediction horizon, all virtual inputs
uv(t) are bounded to be greater than or equal to zero. Other
feasibility constraints are embodied in the lower and upper
bounds for the UGV acceleration inputs (au), limits for state
variables such as the robot position and robot velocities (ax)
and constraints on the payload position output variables (ay).

The constrained optimization problem is resolved using
MATLAB and Simulink. To reduce the complexity of the
MPC state model, it is chosen to implement the UGV-tether
tension force magnitudes as the additional inputs uv(t). Both
inputs uv(t) and uR(t) are optimized simultaneously whilst
being subjected to a set of n nonlinear equality constraint
functions g in (8). Each element of g represents a constant
tether length constraint between the i-th UGV and balloon
and is given as gi = Ki(xBP(t),xR,i(t)) − lR

2 based
on the definitions in (7). This ensures that the physical
relation between the robot accelerations and tether forces
is maintained while the computational efforts to resolve the
constraints are kept at a minimum.

In (8), the Lagrange term is chosen to minimize the
control input variations u̇(t) over time and to track the output
reference given by r(t) = [rP,ref

⊤, Θ̇⊤
P,ref ]

⊤. It is given as:

ΦL(t,x(t),u(t),d) =||cy ⊙wy ⊙ (r(t)− y(x(t))||2

+||cu ⊙w∆u ⊙ u̇(t)||2
(9)

where wy,w∆u ∈ R5 are weight column vectors for the
output reference tracking and control input aggressiveness
terms, respectively. The column vectors cy, cu ∈ R5 re-
spectively scale output and input variables for optimization
and are given as the reciprocals of the respective expected
value ranges. The operator ⊙ denotes element-wise vector
multiplication.

C. Real-Time Control architecture in CAST Arena

In a planetary deployment scenario, the Model Predictive
Controller receives a reference signal from a user or a
higher-level trajectory planner. It obtains state measurements
which can be complemented by internally computed state
estimations if the system states are not fully measurable.
To simplify controller deployment on the existing prototype
in the Caltech CAST arena, a camera-based motion capture
system is used to provide state measurements and guarantee
full system state observability. The controlled variables are
the robot accelerations in the inertial reference frame given
by ui, i ∈ {1, . . . , n} as defined prior. These acceler-
ations are piecewise constant over a control interval and
are integrated over the control sample time to provide a
velocity change reference signal ∆vi,ref . In closed loop
operation, this reference is summed with the robot initial
velocity vector updates vi,0 measured at the beginning of
the control interval. Consequently, using the CKM model
derived in (6), a set of four wheel rotational speed references
ωw,ref ,i is obtained. These are sampled at a freqeuency of
∼ 20 Hz and transmitted wirelessly from the central control
unit to every robot. Each robot is driven by an internal PI
controller that receives a rotational speed feedback signal
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UGV 1UGV 2

UGV 3

Fig. 3. Simulated payload position trajectories and tether angular velocities
for closed-loop tracking of a reference trajectory using LTV-MPC.

from encoders at every wheel and accordingly regulates the
motor drive voltage to track the wheel speed references.

V. RESULTS

In this section, simulation and current experimental results
are briefly presented. It is shown that the closed loop system
is able to track time-varying reference waypoints for the
payload positions whilst ensuring steady-state stability. First
measurements from the physical system are gathered to
validate the system model and to allow for controller testing.

A. Simulation

Closed-loop control simulations for the developed plant
model actuated by three ground robots (n = 3) are per-
formed. The MPC states, output and constraint functions are
derived symbolically in continuous time and are converted to
a discrete time formulation. Due to the slow dynamics of the
system, a control sample time on the order of 1.0 seconds is
presently chosen to implement the controller. It was found
that the computation time of the nonlinear optimization in
simulation using standard sequential quadratic programming
solvers however significantly exceeds the control sample
time. Thus, a linear time-varying (LTV) model predictive

Fig. 4. UGV translational acceleration control actions for closed-loop
tracking of a time-varying reference payload trajectory using LTV-MPC

controller is implemented and optimal control solutions are
solved using MATLAB MPC Toolbox interior-point solvers.
This control framework has proven to greatly reduce the
execution time in simulation whilst providing closed-loop
results that are comparable to fully nonlinear MPC. Equiv-
alent prediction and control horizons of 15 seconds are
chosen. The scaling vectors are defined in order to obtain
values of inputs and outputs that are of roughly unit-order
for the evaluation of the optimization cost-function (9).
Adding to this, the input variation cost weight vector w∆u is
chosen to prioritize small changes in the tether tension force
magnitudes in order to reduce the likelihood of temporarily
losing tension in the tethers. The output weight vector wy is
biased towards tracking of the payload swing velocities Θ̇P

such that steady-state system stability is achieved.
Throughout simulation, the absolute translational accel-

eration inputs ui,1, ui,2 are conservatively limited to 0.1
m/s2 to avoid excessive wheel-slip in practice. The UGV
rotational acceleration inputs ui,3 are not actuated in current
experiments and therefore remain zero at every time step. A
time-varying reference signal imitating a trajectory that could
be obtained from a path planner in practical applications
is implemented. The reference values are updated every
five seconds. In the investigated scenario, the payload is
initially at rest on the ground surface with its initial position
given as rP,0 = [0, 0, 0]⊤. The payload should then be
lifted to and briefly hover at a height of 0.4 m, whilst
moving uniformly in the positive longitudinal X and negative
longitudinal Y directions. The payload is lastly commanded
to continue its longitudinal trajectory whilst moving down
vertically to a height of 0.1 m to reach a steady state position
rP,∞ = [1,−1, 0.1]⊤ after a total time of ∼ 25 seconds.
The absolute payload swing angle velocities Θ̇P are to be
minimized throughout the transport process and after the final
position is reached. To allow for smooth and foresighted
tracking of the varying references, the implemented MPC
furthermore uses reference previewing. This feature accounts
for future reference changes when updating the prediction
model and determines a foresighted set of optimal control
moves. The reference signal and obtained closed-loop simu-
lation outputs for the described scenario are given in Fig. 3.
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Fig. 5. Snapshots taken during experiment Case 3. Lines indicate the
downwards motion of the payload achieved through outwards UGV motions
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Fig. 6. (a-c) Simulated and measured payload responses for actuation in
longitudinal, lateral and vertical directions for respective experiments Case
1, Case 2 and Case 3. (d) Measured payload position response to step
reference with open-Loop LTV-MPC control actions

The corresponding UGV input accelerations shown in Fig. 4
prove to satisfy the imposed input constraints and ensure
maintained UGV tether tension.

Additional simulations of the closed-loop response to
varying and step position references under the action of a
constant unmeasured wind disturbance velocity vector have
been conducted and show that the controlled system is
stable, but that the steady-state tracking accuracy is reduced.
The developed MPC model is however able to consider
wind velocities as a measured disturbance, in which case
simulation results yield satisfactory tracking accuracy. For a
future full-scale system, it is therefore to be considered to
include wind speed sensors for control feedback.

B. Experiments

To validate the system model in experiment, the state
responses of the prototype to different feed-forward control

inputs are measured and compared to simulation results. The
three rovers are commanded with predefined velocity profiles
constructed from acceleration and deceleration inputs of
piece-wise constant and equal magnitude. Three experiment
cases are considered: In Case 1, the UGVs are actuated
equally only in the longitudinal X-direction, whereas in Case
2, all rovers are equally actuated only in the lateral Y-
direction. In Case 3, the payload is to be moved vertically as
shown in Fig. 5 by moving the rovers apart longitudinally,
that is by providing an X-direction velocity reference to UGV
1 that is equal in magnitude but opposite in direction to
that of UGVs 2 and 3. The realized robot velocities in the
inertial plane and all remaining system states and outputs are
measured using motion capture. Filtered UGV acceleration
profiles are derived from the velocity measurements and
given as a time-varying input to the simulation model, where
the simulated plant output trajectories are extracted. Fig. 6
(a-c) compares the simulated and measured payload outputs,
where it is seen that a good agreement between the tested
and simulated trajectories in the relevant directions exists for
these decoupled cases. First open-loop measurements under
the action of precalculated MPC control inputs for a step
reference target position are presented in Fig. 6 (d). These
indicate the ability of the LTV-MPC to steer the system in the
vicinity of the target within a 15 s prediction horizon time
despite the lack of state feedback, thereby further validating
the controller prediction model. Control software optimiza-
tion to perform closed-loop experimentation is ongoing.

VI. CONCLUSIONS

In this work, a novel actuation and control framework
to enhance payload manipulation capabilities on the basis
of using ground-vehicles to actuate a cable-driven balloon
is presented. The development of a terrestrial demonstra-
tor and dynamic model of the robotic system along with
the proposal of a Model Predictive Control architecture to
achieve loitering and trajectory tracking of an underactuated,
balloon-suspended payload has been achieved. In the future,
the proposed system can be scaled for planetary exploration
applications at low-altitudes (< 100 m) such as construction,
payload transport and communication. Hurdles in modeling,
robust control design and hardware development nonetheless
remain to be overcome to achieve full-scale deployment.
To this extent, in further work it is targeted to ensure ro-
bust trajectory tracking performance against experimentally
identified disturbances and uncertainties by exploring robust
MPC architectures for nonlinear systems [26], [27]. A ded-
icated MPC software implementation on a microcontroller
can furthermore reduce closed-loop execution time. Improve-
ments of the system model that accommodate thermal effects
on the balloon and uneven terrains will additionally allow
system simulation for a sample Martian use-case. Besides
the otherwise required mechanical system modifications to
suit harsh extraterrestrial environments, a revised sensor suite
and state estimation architecture that does not rely on motion
capture feedback and can consider measurable disturbances
is a crucial step towards realizing a full-scale prototype.
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