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Collaborative Object Manipulation on the Water Surface by a
UAV-USV Team Using Tethers

Filip Novik!, Tom4s Béaca, and Martin Saska

Abstract— This paper introduces an innovative methodology
for object manipulation on the surface of water through the
collaboration of an Unmanned Aerial Vehicle (UAV) and an
Unmanned Surface Vehicle (USV) connected to the object by
tethers. We propose a novel mathematical model of a robotic
system that combines the UAV, USV, and the tethered floating
object. A novel Model Predictive Control (MPC) framework
is designed for using this model to achieve precise control and
guidance for this collaborative robotic system. Extensive simula-
tions in the realistic robotic simulator Gazebo demonstrate the
system’s readiness for real-world deployment, highlighting its
versatility and effectiveness. Our multi-robot system overcomes
the state-of-the-art single-robot approach, exhibiting smaller
control errors during the tracking of the floating object’s
reference. Additionally, our multi-robot system demonstrates
a shorter recovery time from a disturbance compared to the
single-robot approach.

[. INTRODUCTION

The utilization of heterogeneous unmanned vehicles and
systems cooperating in maritime operations has garnered
growing interest, especially when considering teams of Un-
manned Surface Vehicles (USVs) and Unmanned Aerial
Vehicles (UAVs). The UAV-USV teams have already proven
its usefulness in various fields, including search and rescue
operations [1]-[4], the search and removal of pollutants from
water surfaces [5]-[7], hydrologic data collection [8], coastal
activities monitoring [9], and detection and monitoring of
marine fauna [10].

One of the challenges encountered during marine robotics
applications is the manipulation and transportation of objects
in water, which is relevant to numerous marine robotics
applications, ranging from debris removal [11] to the precise
measurement of water environments using sensors [12]. In
scenarios such as waste collection, the ability to tow ob-
jects is evident, while in environmental monitoring, sensors
require controlled movement along predefined paths or prox-
imity adjustments to specific points of interest. Additionally,
it is crucial to guarantee the protection of transported objects,
such as expensive sensors, preventing any potential damage
or destruction during maneuvers around obstacles. Therefore,
the implementation of precise movement control for all
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Fig. 1.

The multi-robot system consisting of a USV, UAV, and a solid
object representing a sensor, garbage, or arbitrary floating object. This object
is simultaneously tethered to the USV and UAV.

system components becomes imperative. Recognizing that
a single type of robot may prove inefficient for such varied
tasks, our approach involves the collaboration of a team of
heterogeneous robots.

Previous research has highlighted the potential of UAVs to
tow objects [13], [14]. While UAVs excel in maneuverability
and in providing an aerial perspective of the surrounding wa-
ter surface, they are constrained by lower force and a shorter
flight duration. In a complementary manner, USVs designed
for towing waterborne sensors have demonstrated extended
mission duration and increased payload capacity [15], [16].
However, USVs are constrained by low maneuverability and
have a restricted field of view over the surrounding water
surface due to their limited height above the surface [3],
where obstacles may mutually obstruct each other or remain
concealed beneath the surface. To harness the advantages of
both robots, we propose a unified system where an object is
tethered to a USV and to a UAV simultaneously. Moreover,
the tether between the USV and UAV can provide a reliable
wired communication link [17] and energy transfer from the
USV to the object (e.g., sensor) and the UAV, significantly
prolonging the UAV mission duration [18]. The collaboration
of UAV and USV enhances maneuverability, towing force,
precision in controlling the movements of manipulated ob-
jects, and provides situational awareness from an elevated
perspective. Our exploration of this tethered system aims
to showcase its potential in overcoming the limitations of
individual robots.

The robotic system presented in this paper consists of a
solid object representing a sensor, garbage, or other arbitrary
floating object connected via a tether to both a USV and
UAV (see Fig. 1). The main contributions of this paper are
as follows:
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¢ We introduce a novel methodology for collaborative
object manipulation on the surface of water by a team of
UAV and USV using tethers. This is, according to our
best knowledge, not currently presented in the available
literature.

o We present a novel mathematical model of the robotic
system used in Model Predictive Control (MPC) to
precisely control the robots and move the object safely
along the given path.

The presented multi-robot system is verified in numerous
simulations in the realistic robotic simulator Gazebo and
demonstrates its readiness to be deployed in the real world.
In the motivational scenario, we assume the presence of
a compact USV capable of towing an object across a water
surface using a tether. The USV carries a Global Navigation
Satellite System (GNSS) receiver, Inertial Measurement Unit
(IMU), an onboard computer for robot movement control,
and a mechanism for tether anchoring. It is assumed that a
compact UAV is equipped with a GNSS receiver, a flight
controller featuring an IMU, and an onboard computer for
computing the desired commands for governing the UAV-
USV team. The UAV assumes the role of team commander,
due to its situational awareness from an elevated perspective.
Additionally, we assume that the UAV can estimate the
position of the floating object using either onboard sensors or
a communication link to the object, which itself may have the
capability to estimate its own position. Furthermore, a com-
munication link between the UAV and the USV is essential in
transferring the commands for the onboard controller from
the UAV to the USV at a minimum frequency of 10 Hz.
The communication links within our framework may also
be implemented as wired connections using the tethers that
interconnect all components of our multi-robot system.

II. RELATED WORKS

Collaborative object manipulation and transportation by
multi-robot systems is a research topic in many scientific
studies [19]-[22]. Autonomous transportation using a team
of aerial robots is presented in [20]-[22]. In addition to
the above discussed payload and flight time limitations, as
presented in [20], transportation in strong winds causes stress
on the robots, potentially leading to failure. Strong winds
are often present above the water surface [23]. Therefore,
the usage of only aerial robots for object manipulation and
transportation on water surfaces incurs a non-negligible risk
of failure. In our system, the USV can offer a secure docking
location in adverse weather conditions [24]. Meanwhile, our
framework allows the continuation of a given task using
only the USV, albeit at the expense of diminished system
performance.

While the methods described in the previous paragraph
involved lifting and carrying the object by the UAVs through
the air, the approaches presented in [11], [13], [14] involve
pulling the object along the surface using a rope, which is
useful if the UAV cannot lift the object. However, the UAV
must exert significant force to pull the object, consuming
a large amount of energy. Notably, this substantial energy

consumption reduces the UAV mission time, given the lim-
ited battery capacity of the UAV. Moreover, if the object
is too heavy, the UAV may not be able to pull it. In our
framework, the primary pulling force is provided by a USV,
which is typically more powerful than a UAV.

The study of dynamics in a robotic system consisting
of USV and an Autonomous Underwater Vehicle (AUV)
connected by a cable is presented in [25], [26]. The AUV is
towed by the USV for exploration purposes. These studies
show that a cable influences the motion of the robotics
system, and that it is therefore necessary to model the mutual
dynamics between individual components of the robotic
system. The work in [27] deals with path planning for a
USV towing a load in water using a rope, in which the
concept of a safety boundary for towing is proposed to avoid
obstacles. This concept assumes that a towed object can
be at any point near the USV within a radius of the rope
length. However, this decreases the maneuverability of such
a system and prolongs mission time, as the robot is required
to maintain a greater distance from obstacles than strictly
necessary. Additionally, this concept also fails if the passage
is narrower than the length of the rope. In our framework,
the UAV can quickly react to obstacles or narrow passages
by adjusting the trajectory of the towed object to navigate
around obstacles or pass through narrow passages safely.

A team of UAV and USV tethered together is introduced in
[28]. The study in [28] addresses the static catenary hanging
cable problem and proposes a model for a catenary tether,
aiming to enhance robustness and reduce power consumption
in aerial robot flights. However, the study is mainly focused
on cable modeling and the flying space of UAV, and does
not analyze the forces acting between the robots, tethers, and
potential external floating objects. Nevertheless, the power
cable is useful for our proposed system as it solves one of the
main limitations of the UAVs by providing energy from the
USV to the UAV, significantly extending the UAV mission
time [18]. Moreover, the cable enables the creation of a fast
and reliable wired communication link between UAV and
USsvVv [17].

III. DYNAMIC SYSTEM MODEL

This section presents a dynamic model of our multi-
robot system consisting of the UAV, USV, and floating
object. The scheme of the system is shown in Fig. 2.
The W = {w,,w,, w,} is the world frame common for
all components of the multi-robot system, in which the
position and rotation of the robots and the floating object are
expressed. The body frame of the floating object is denoted
as B, with corresponding body-frame axes b, ., bsy, bo.-.
Similarly, the B,, = {by. 4, by y, by -} is the body frame of
the UAV and By, = {by 4, by, bs .} is the body frame of
the USV.

3426



Fig. 2. The depiction of the world frame W = {w, wy, w_} in which the
3D position and orientation of the UAV By, = {buy,z, bu,y, bu,z}, USV
By = {bp,4,bp,y,bp .} and floating object Bo = {bo,x,bo,y, bo,z}
body frames are expressed. The red vectors F3, and Fj show the forces
applied to the floating object by the UAV and USV tethers. The Vessel
parallel coordinate system VP = {vpz,vpy,vpz} is depicted in blue
and is parallel to the USV body frame Bj.

A. Floating object model

As presented in [29], the nonlinear equations describing
the motion of a floating object on the water surface are

o — JO(,(/)O)VOa (1)
To = M,0, + DO(VO)VU + go(no)a (2)

where J,(1,) is the transformation from the body-fixed
coordinate frame B, to the global coordinate frame W,
1, is the object’s heading, M, = M, + M, 4 € R3*3
is the sum of inertia matrix M, ; and the hydrodynamic
added mass matrix M, 4, presented due to the motion of the
object through the fluid. The D, (v,) € R3*3 stands for the
damping matrix, g,(n,) € R? denotes gravitational forces
and torques, T, € R3 represents the vector forces acting on
the object by the USV and UAV through tethers. The states
of the object with respect to the coordinate frames presented
above are

No = (x07y07zo)T, 3)

Vo = (umvmwo)T» 4

where 7, stands for the position in a global coordinate frame
W. The vector v, denotes the linear velocity in a body-fixed
coordinate frame B,,.

The following assumptions are made to simplify the model
used in our controller:

1) Negligible air drag: A floating object on the water has
part of its body in the water and the rest above it. The drag of
the water is much great than air drag. Therefore, the damping
term in (2) does not assume air drag.

2) Linear damping, gravitational forces, and torques: The
damping term and gravitational forces and torques in (2) are
approximated by the linear terms [29]: D, (v,)v, ~ D,v,
and g (1) ~ Goo.

Applying the presented assumptions, the (2) can be rewrit-
ten as

v, =M, (1, - D,v, —

o

Gono). (&)

Two main forces are acting on the floating object through
tethers: UAV force F;, and USV force F} (see Fig. 2) as

7, = Fy + Fy, (6)
F, = M,b5, (7)
F, = Myoy°, ®)
where 952 = (41, 0,,,1,)T is the acceleration of the UAV

in B, frame, and i)f ° = (Up, 0y, 0)7 is the acceleration of
the USV in B, frame. Each force points in the direction of
the corresponding stretched tether. The tether is modeled as
an inflexible, in-extensible connection between the floating
object and the robot. However, the complex tether model
consisting of multiple segments can be integrated [30]. The
following assumptions about the tether are considered for
system modeling:

3) Taut tether: The tether remains taut, i.e., ||F,|| > 0
and ||Fy|| > 0. Therefore, all components of the multi-robot
system are coupled during the mission.

4) No lifting: The object keeps floating on the water
surface. The vertical component of the force 7, does not
cause the object to rise above the water surface, which is
expressed as WIJ, (1)) To < mo||g||, where m,, is the mass
of the floating object, g is the gravitational acceleration, and
w, = (0,0,1)T.

B. USV model

The three Degrees of Freedom (DOFs) USV model con-
siders surge uy, i.e., motion in direction of by ,, sway vy,
i.e., motion in direction of by, and yaw angular rate 74,

which describes rotation around by, .. The states of the USV
model are

M = (Tb, Yo, Vu)7, 9)
vy = (Ub,vb,Tb)T, (10)
where z;, and y; stand for the position in the global coordi-
nate frame W, and yaw angle 1, is defined in terms of the

intrinsic Euler angle in WW. The equations of USV motion
based on [29] are

M = Jo ()1,
U, = (Mb’[ + Mb,A)_l(Bbub - Dbllb)7

(11
(12)
where M, ; € R3*3 is the USV inertia matrix, M, 4 €

R3*3 denotes the hydrodynamic added mass, D, € R3*3 is
the USV damping matrix, us = (Tport; Tstarboard) 7>

cosyyp —sintyy, 0
Jp(p) = | sinyyy,  cosyhy, O, (13)
0 0 1
1 1
B, = 0 0 (14)
d./2 —d./2

The 7o represents the thrust generated by a motor located
on the stern port side of the USV, Tyaboara T€presents the
thrust generated by a motor located on the stern starboard
side of the USV, and d, is a distance between the port and
starboard motor.
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Fig. 3.

Pipeline diagram of the proposed collaborative multi-robot control approach presented in this paper containing the MRS system [31] for verification

in realistic robotic scenarios. Mission & navigation block decides about the reference of the floating object based on the current states and mission task.
Then, Multi-robots system controller computes the desired trajectory references using the MPC for the UAV and USV. The computed trajectory references
are forwarded into the Reference controller blocks of the UAV and USV. The UAV Reference controller creates the desired thrust and angular velocities
(wq,Ty) for the Pixhawk embedded flight controller that commands the UAV actuators. The UAV State estimator fuses data from the Odometry &
localization block to estimate the UAV translation, rotation, and angular velocities (x, R, w). The USV Reference controller creates the desired thrust 7,
for USV actuators. The USV State estimator fuses data from the Odometry & localization block to estimate the USV states (1, ). The floating object
State estimator fuses data from its Onboard sensors to estimate states of the object (1o, Vo).

C. UAV model

In order to create a UAV model, it is assumed:

1) Decoupled heading: The UAV can move in any direc-
tion without changing its heading.

2) Proper tether attachment: In our system, the tether is
safely attached to the center of the UAV.
These two assumptions allow us to consider only the position
of the UAV to model its dynamics. If the second assumption
does not hold (e.g., the tether is attached to one of the sides
of the UAV), it becomes necessary to model the force exerted
when the UAV changes its heading, even if it maintains its
position. The state of the UAV in the VW frame is expressed
as

5)

N = (xuvuuvyua 'quzu7wu)-r7

where Py, = (%u, Yu, 24)7 is the UAV position and v,
(Uny, Uy, Wy )T is the UAV velocity. Similarly to [31], the UAV
dynamics are modeled as a point-mass double integrator
expressed as a decoupled Linear time-invariant (LTI) system

’r"u = Au'r]u + Buuy, (16)

where the term w, = (Uy,y, Uy,v; Uu,w) 1S an input vector
for the UAV model, and

A1 02><2 02><2 B1 02><1 02><1
Au — 02><2 A1 02><2 ; Bu 02><1 B1 02><1
02><2 02><2 A1 O2><1 02><1 B1
(17)
Subsystem matrices A; and B; are denoted as
. 0 aiq o 0
Al - <O 0) ) Bl - (bl) ) (18)

where a; and b; are parameters for the subsystem of the
UAV model.

IV. CONTROL FRAMEWORK OF THE SYSTEM

The control framework of the system aims to safely guide
the floating object on the water surface alongside the given
reference and be resistant to external disturbances, such
as water currents and winds. The pipeline diagram of the
proposed control framework is shown in Fig. 3. The diagram
contains four main areas that represent the floating object,
USV, UAV, and the multi-robot control framework.

The mission and navigation block takes the current states
of all multi-robot system components 7),, Vo, M, Vb, Nu
from the corresponding state estimators using data from on-
board sensors. However, the onboard sensors of the floating
object can be easily replaced by detection methods using
images from a camera placed on the UAV or USV [32] if
onboard sensor data are not available. Further, the mission
and navigation block decides about the next floating object
reference according to the ongoing mission. The multi-robot
system controller then initializes the linear MPC solver [33]
by the states 1., V,, Np, Vb, 1, and the model of the system
presented in Sec. III. The MPC commands the UAV and USV
to move the floating object alongside the desired trajectory
reference.

The MPC needs a linear discrete model of the system;
therefore, the Runge—Kutta method of fourth order (RK4) can

be used to acquire such a model from the one presented in

Sec. III. However, our application allows us to make several
assumptions to simplify the model of the object. Firstly,
we can assume an almost symmetrical rigid body around
the b, . axis. In our case, the floating object is connected
to a tether under tension, which causes 1, stabilization by
the system dynamics itself. Therefore, we can neglect the
Y., and then only the position 7, and the velocity v}V
of the floating object in the V¥ frame is considered in the
MPC without needs to use J,(t,) transformation. Lastly, the
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Vessel parallel coordinate system VP is defined as )" =

JT (4p)mp, which results to 17" = v, (see Fig. 2). Therefore,
all vectors in our control framework are transformed into
VP. Then, our dynamic system model is linear, as the linear
MPC requires. The final model of the proposed multi-robot
system, detailed in Sec. III, and used in the MPC, is

AN (19)
Y7 =M (—Dor)F = Gon)” + M, (9,7 + 7)),

(20)

ﬁ?,”’ =u, @21

=My +M, A>_1(Bbub — Dywy), (22)

ﬁ}j =An" +B,u) (23)

where v)’” = (uyp, vp,0)7 is a USV planar velocity in VP.

The linear continuous model (19)—(23) is discretized as

T(k+1] = A:I}[k] + B’U,[k], 24)
where T, = (nl,v o,nb,ub,fr/u)[] is the state of the
model 01l the multi-robot system expressed in VP at time
step k, and up) = (u],u 1[)[ 5] is the input of the model
expressed in VP at time step k. The control error for the
prediction horizon n € Z7 is defined as

€k] = T[k] — Tr [k] Vk € {1, ...,n}, 25)
where x, 1 is the reference for the state x| at time step k.
The MPC is defined as a quadratic programming problem

min Z (e[Tk]Qe[k] + u[Tk]Ru[k]) +el Sepy  (26)
st @py1 = Az + Bugy Vk e {l,...,n}, @Q7)
Tmin < T[] < Tmax Vk e {l,...,n}, (28)

Umin S u[k] S Umax Vk € {1, ey — 1}’
(29)

where @i, is the lower bound for state [y, Tmax is the
upper bound for state @[], Umin is the lower bound for
input w(i}, and Upax is the upper bound for input w ;). The
penalization matrices Q, R, and S are positive semi-definite.
Additional constraints are also applied to the UAV motion to
keep the tether under tension, making the object motion fully
controllable. The UAV motion at fixed altitude is limited to
a circle, with the floating object at the center position and a
radius equal to the length of the tether /; projected onto the
zy horizontal plane, relaxed by small constant €. This results
in two-circle boundaries with radii l¢ ., + € and l; ;, — € that
are linearized and added to the MPC constraints:

(30)
€29

(_yuvl'u)vcb = (_pmin,yapmin,x)vcba

(*yuaxu)vcb = (*pmax,yapmax,r)’vcba

where the vector v, is perpendicular to the vector u, =
(xuayu) - (xoayo)- The values Pmin,z> Pmin,y> Pmax,z» and

Pmax,y are computed as

T
u
(pmin,:capmin,y) = < l? - (Zu - Zo)2 - ) (32)
(e[ cb||
T
(pmax,zvpmax,y) = < l? - (Zu - Zo)2 + 6) H b|| (33)

The UAV position (z,,y,) has to lie between these two
linear boundaries (30)—(31). If these constraints specified by
(30)—(31) are violated, the € constant can be enlarged.

The Multi-robot system controller outputs the desired
trajectories for the UAV and USV sent to their Reference
controllers at 10 Hz (see Fig. 3). The USV reference
controller based on [29] runs at 100 Hz and outputs two
values: thrusts Tpor and Tyarboara for the corresponding motors
located on the USV stern pointing to the opposite direction
of the by, axis. The UAV controller is made up of the
Multi-robot Systems (MRS) UAV system [31], which uses
a complex dynamic UAV model, therefore, enabling precise
trajectory tracking.

V. RESULTS

The presented approach was extensively tested in the
realistic robotic simulator Gazebo, and extended by the
Virtual RobotX (VRX) simulator to imitate a marine envi-
ronment [34] (see Fig. 4). From all experiments, we have
selected two situations - trajectory tracking and response
to a disturbance, which have best illustrated the differences
between our multi-robot approach and the state-of-the-art
single-robot approach based on [26]. Overall, the results of
numerous experiments show us that the multi-robot system
is prepared for real-world deployment. The multimedia ma-
terials supporting the results of this paper are available at
https://mrs.felk.cvut.cz/papers/uav-usv-object-manipulation.

A. Experimental setup

The Wave Adaptive Modular Vessel (WAM-V) platform
[34] has been chosen as the USV and is linked to the object
by a tether with a length of 4 m. The object is modeled as
a sphere with a radius of 0.25 m and a mass of 5 kg. The
Tarot T650 platform is used as the UAV [35] and is tethered
to the object with a 5 m tether.

Fig. 4.
object, is depicted in the Gazebo simulator and RViz as it executes its
mission.

Our multi-robot system, comprising the UAV, USV, and floating
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B. Trajectory tracking

The trajectory for the robots to follow can be effectively
created using only straight line segments and circular arcs
[36]. Therefore, we evaluate our system on the trajectories
consisting of these two types. Evaluation of straight-line
trajectories shows that our multi-robot system and the single-
robot approach [26] have identical performance in case of
no disturbances. The average distance of the object to the
trajectory reference for our multi-robot system is 0.08 m,
and it is 0.09 m for the single-robot approach. Therefore, we
moved to track a circular reference trajectory for the object,
as it clearly showcases the difference between the single-
robot approach [26] and our multi-robot approach. The
experiment is illustrated in Fig. 5. The reference trajectory
initiates from the position (0,-20) and proceeds in a counter-
clockwise direction. Initially, the robots must approach the
trajectory. This approaching phase showcases the behavior of
the UAV flying to the opposite side of the reference trajectory
compared to the USV in order to keep the object close to the
reference. Subsequently, the object is securely guided along
the reference trajectory, with the system operating smoothly
at a constant speed. The average distance of the object to the
reference is 0.32 m, with the largest distance occurring at the
beginning when the system is approaching the reference.

To compare our multi-robot system with the single-robot
approach [26], the same trajectory is tracked using only a
single robot (the USV in our case) as we assume that the
object is too heavy for a single UAV. The results are shown
in Fig. 6. The mean distance of the object from the reference
is 1.15 m, which is 3.5 times larger than in our multi-robot
system. Additionally, as illustrated in Fig. 6, the approach
to the reference takes twice as long in the case of a single
robot. The results show that our multi-robot system is more
efficient than a single robot, as the UAV acting on the object
together with the USV reduces the reference tracking error.

C. Disturbance response

In the upcoming experiments, we demonstrate how both
our multi-robot system and single-robot approach [26] re-
spond to external disturbances. The disturbance is applied as
a force acting on the object perpendicular to its movement.
Various sources of disturbance on the water surface, such as
currents, winds, or even animals, can contribute to this force.
The disturbance force is applied to the object for a duration
of 0.5 s with a magnitude of 1 kN.

The Fig. 7 illustrates how our multi-robot system responds
to the disturbance. The moment of acting disturbance force
is clearly visible in the graph of velocities as a large peak
in object velocity. The object is then displaced from its
trajectory. However, the multi-robot system recovers from
the disturbance after 3.3 s. Thereafter, the multi-robot system
smoothly follows the trajectory reference for the object.

The same disturbance has been applied to the single-robot
system, as shown in Fig. 8. The disturbance occurs at time
7 s, and the single-robot system again reaches the mean
distance 1.15 m taken from the trajectory tracking experiment
(Fig. 6) at time 20 s. Therefore, the recovery time, equal

Object trajectory
UAV
Usv
Object reference

y (m)

T T T T T
20 10 0 10 20

—— Object —— Object
Mean=0.32 m UAV

— USV

Velocity (m/s)

54

M| AAA My
AT AN
0 20 40 60 80 0 20 40 60 80
Time (s) Time (s)

Fig. 5. The results of the experiment, where our multi-robot system tracks
a circular trajectory for the object. The graphs illustrate the position of the
multi-robot system and the reference in a horizontal plane, as well as the
distance of the object to the reference and the velocities of the UAV, USV,
and the object.

—— Object trajectory
—=—=Single robot
—— Object reference

—— Object 2.0 4
Mean=1.15 m

[

£ 1.0
0.5

T T T T T 0.0 - T T T T
0 20 40 60 80 0 20 40 60 80
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—— Object

—— Single robot

Fig. 6. The results of the experiment, where a single robot tracks a circular
trajectory for the object. The graphs depict the position of the single robot,
the object, and the reference in a horizontal plane, as well as the distance
of the object to the reference and the velocities of the single robot and the
object.

to 13 s, is four times longer compared to the multi-robot
system. Moreover, the mean distance of the object from the
reference is twice as large, reflecting the increased difficulty
in realigning the sensor with the reference trajectory for a
single robot.

In the conducted experiments, both approaches are re-
quired to perform aggressive maneuvers for fast recovery
from the disturbance, such as turning on a small turning
radius. During these aggressive maneuvers, our multi-robot
system outperforms the single-robot approach, as our system
has both a smaller distance from object to reference and a
shorter recovery time from disturbance. The better perfor-
mance of our system is attributed to the collaborative efforts
of the USV pulling the object forward towards the reference,

3430



—— Object trajectory
0 —== UAV
-==- USV

—— Object reference

—— Object
— Mean=0.45 m

—— Object
—— UAV
~ 84 — USV

Distance to reference (m)
!
Velocity (m/s)

NS e

T T T T 0= U T T T

0 10 20 30 0 10 20 30
Time (s) Time (s)

Fig. 7. The results of the experiment for the multi-robot system, in which
disturbance force affects the object with a magnitude 1 kN for 0.5 s. The
graphs depict the position of the multi-robot system and the reference in a
horizontal plane, as well as the distance of the object to the reference and
the velocities of the UAV, USV, and the object.

20 {—mm=mmm=t==ea

—— Object trajectory
=== Single robot
—— Object reference

5 0 5 10 15 20

1.5
[\/\ 54

—— Object
—— Single robot

o
s

o
@
L

—— Object
Mean=0.95 m

Distance to reference (m)

o

o
n

o

0 10 20 30 0 10 20 30
Time (s)

Fig. 8. The results of the experiment for the single-robot approach, in which
disturbance force affects the object with a magnitude 1 kN for 0.5 s. The
graphs depict the position of the single robot, the object, and the reference
in a horizontal plane, as well as the distance of the object to the reference
and the velocities of the single robot and the object.

while the UAV adjusts the object position laterally to achieve
closer alignment with the reference trajectory.

D. Statistical evaluation

This section presents a statistical evaluation of the pro-
posed multi-robot system. We conducted over 60 experiments
on trajectories comprising both straight line segments and
circular arcs, the use of which is explained in the previous
section V-B. The mean distance of the object to the reference
trajectory for both approaches across individual experimental
runs is proposed in Fig. 9. Subsequently, the distance values
are fitted to the normal distribution, which provides us with
the mean value and standard deviation for each method.

The mean value of the normal distribution for our

16 4 = Our system: N (0.51,0.21%)
Single robot: A(0.83,0.282)
14 4 B Our system
I Single robot
£ 10
X3
k]
£ 61
z.
4
9
0- T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Distance to reference (m)
Fig. 9. Statistical evaluation of the proposed multi-robot system and the

single-robot approach. The graph shows the mean distances of the object to
the trajectory reference across individual experimental runs for each method,
subsequently fitted to the normal distribution.

multi-robot system is 0.51 m, noticeably smaller than the
mean value associated with the single-robot approach [26]
(0.83 m). Therefore, our multi-robot approach maintains
smaller tracking errors during the conducted experiments.
Furthermore, the standard deviation of our multi-robot sys-
tem (0.21 m) is found to be less than that of the single-
robot approach (0.28 m). In summary, our new multi-robot
system demonstrates better performance than the single-robot
approach by producing smaller trajectory tracking errors with
reduced variability across different trajectory references.

The Fig. 9 also reveals that in two experimental runs of
our multi-robot system, the mean distance to the trajectory
reference exceeded 1 m. Our observations indicate that this
occurs when the UAV is positioned on one side of the tether,
but needs to apply force to the other side. Consequently, the
UAV must first relocate to the appropriate side to tension the
tether in the correct direction before influencing the object’s
movement with force. The transition of the UAV from one
side to the other takes some time, during which the object is
not aligned with its reference. This temporal misalignment
results in a larger mean distance from the trajectory reference
during this interval and occurs because of the condition that
the tethers must remain taut at all times otherwise, it would
be faster.

VI. CONCLUSION

We have introduced a novel control framework designed
for collaborative object manipulation on the surface of water
using a UAV-USYV team. The complex dynamics of the multi-
robot system, formed by the UAV and USV tethered to the
object, are studied in this paper. Based on this analysis, we
propose a novel mathematical model for the multi-robot team
tethered to the object. The model is used in an MPC fashion
to showcase the ability of our framework to manipulate
the object on the water surface by the UAV-USV team.
Numerous experiments were conducted to demonstrate our
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multi-robot system’s performance and show that the system
is prepared for real-world deployment. The comparative
analysis between our multi-robot system and a single-robot
approach reveals that our multi-robot system exhibits a 40 %
lower tracking error and a four times shorter recovery time
from disturbances. These findings align with our hypothesis,
affirming that a multi-robot team is more efficient for this
task.
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