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Featured Application: The prototype described in this article aims to be a support vehicle for
small unmanned aerial vehicles, e.g., emergency landing or charging station, that perform remote
sensing missions in aquatic environments.

Abstract: Sampling aquatic ecosystems is a laborious and expensive task, especially when covering
large areas. This can be improved using unmanned aerial vehicles (UAVs) equipped with various
remote sensing sensors. However, the UAV performance and autonomy may vary due to external
factors when it is operated outdoors. In some cases, an emergency landing maneuver is necessary
to avoid an accident, since in fluvial environments, the UAV control landing becomes a difficult
operation. Therefore, it is important to have a backup platform on the water to fix this problem.
This paper presents the design and development of a custom-built unmanned surface vehicle using
open-source tools and with two types of operation—remotely piloted and autonomous—to support
remote sensing practices with UAVs in fluvial environments. Finally, part of the software developed
within this project was released in an open-source repository.

Keywords: field robotics; mechatronics; fluvial environments; unmanned surface vehicles; unmanned
aerial vehicles

1. Introduction

Biodiversity and natural habitat conservation is one of the challenges of the 2020 EU Environment
Action Program. Water quality is, in fact, one of the most outstanding fields of action. The EU Water
Framework Directive demands the member states check the quality of their waters (e.g., rivers, lakes)
and to inform the strategies that will be adopted to clean them [1].

In limnology (the study of continental aquatic ecosystems), water quality is monitored through
analysis and classification of different biophysical parameters. For environmental sampling,
conventional techniques are used such as in situ manual measurements [2], on-board aircraft sensor
systems [3] and satellite images [4].

In situ or local measurements are performed by people and involve meticulous processes that
cause fatigue and result tedious. As a result, an incorrect practice may be generated with significant
high costs. Satellite images offer a limited spatial resolution in comparison with the on-board aircraft
sensor systems, which improve the spatial resolution of the sampling. However, the services are still
quite expensive, they must be reserved, and the flights have strict rules driven by weather conditions.
In addition, the environment to analyze might be covered by vast vegetation as closed canopy trees
on the banks of a riverbed. Thereby, neither satellites nor aircraft would be able to obtain samples,
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representing a problem to certain temporal windows in more closed environments, such as rivers or
narrow streams.

In recent years, remote sensing has hugely assisted in some scientific areas (e.g., precision
agriculture [5]), due to the use of unmanned aerial vehicles (UAVs) low cost of acquisition and
ease of handling. In limnology, the interest in the use of UAVs is increasing [6,7].

On the other hand, UAV data acquisition in external environments is conditioned to limitations
(e.g., autonomy in flight time, operation maneuvers, climatic adversities, and emergency landing).
In aquatic environments, the UAV platform could fall into the water and be permanently damaged if
the operator fails the landing. A possible solution to this problem is the use of an unmanned surface
vehicle (USV) to support UAV operations. Finally, the combination of both platforms is an added value
point for environment monitoring [8].

This work presents the design and construction of a maritime robotic system named Strider V1.0
that serves as a platform for the landing of UAVs in fluvial environments. For its design, several
aspects were taken in consideration, such as portability, low-cost, and the physical characteristics of
the most common UAVs in the market (e.g., DJI Phantom, AR. Drone). Finally, a set of analytical and
real experiments verifies the correct functioning of the system with suitable results.

2. State of the Art

Unmanned maritime systems can be divided into two categories: underwater vehicles and surface
vehicles [9]. Unmanned underwater vehicles (UUV) [10] are probably the best known and used in
robotic applications. The prototype described in this article is an unmanned surface maritime system
or USV.

Furthermore, most of the USV research found in the last decade falls into two configurations:
double-hulled ([11]), and mono-hull ([12,13]). The configuration most used in research is the
double-hulled configuration, e.g., catamaran. In this work the double-hull design was adopted
mainly due to the increased stability, available area to include a landing base, the ability to make quick
360° turns, and because it can be operated closer to the shore.

The idea of mobile maritime landing platforms arose from the concept of reusable space rockets,
for which autonomous landing controllers were developed [14]. These platforms can position
themselves under adverse weather conditions, with an accuracy of +/—3 m. The design of a landing
base for UAVs that fly over fluvial environments was inspired in this project.

The previous works found employing double-hull platforms focus in developing robust modeling
and control approaches to improve the vehicles autonomous navigation [11,15,16]. In these works, the
USV employed are off-the-shelf vehicles that have not being built from the scratch. Therefore, there is
less decision-making in the designing, fabrication and mechatronics setup of the vehicle as enhanced
in the present work.

Moreover, the USVs employed in previous works have physical characteristics that make their
mobility to the survey sites difficult or even impossible. Since most of the times these areas are found
in unstructured environments, such as alpines lakes or ponds. The proposed work goal is to achieve
maximum lengths under 1 m and less than 5 Kg of mass.

Orchestration behaviors applying the COLREGs rules (from the International Maritime
Organization (IMO)) were also tested in multiple double-hull vehicles [17]. The authors implemented
several path planning approaches in three double-hull USV where the control performance was also
evaluated in a real environment. This research focus in developing autonomous navigation approaches
for USV that will operate in the sea which is not the operations domain addressed by the platform
presented in this manuscript

When it comes to the idea of having an autonomous landing platform over a maritime
environment there are not many works introducing such systems. A software and hardware
architecture is presented to allow a helicopter to perform takeoff and landing maneuvers on a
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double-hulled USV equipped with a landing base [18]. In this document, the authors describe the
techniques used but omit the result, which is limited to a conceptual analysis of the findings.

Finally, in Pinto et al. [19] a symbiosis between a catamaran and a hexacopter is presented.
The catamaran worked as a landing base, equipped with a laser scanner, a sonar for underwater
obstacles detection, a multiple vision system and a structure capable of transporting people.
The hexacopter overflows the catamaran position, complementing the aerial perspective. Thus,
through both platforms, a 3D map of the terrain was reconstructed with a very accurate landscape
vision. For the best of our knowledge this work is the one that gets closer to the idea proposed in this
manuscript. However, in the previous work the budget and platform size was not a restriction. This
off-the-shelf 4.5 m long USV counts with advanced navigation and perception sensors which suggest
high development costs.

Our aim is that this vehicle supports small USVs remote sensing in fluvial environments, which
are easy to replicate, portable, and have an affordable market price (most of the vessels referenced
in the literature for which data is available have prices above the thousand euros mark). Figure 1
illustrates a possible scenario where the proposed system can be used.

Figure 1. The above figures illustrate a possible collaborative mission between an aerial robotic system

and the Strider V1.0 in a fluvial environment.
3. Materials and Methods

This section describes the prototype design and the different tasks that made up its construction.
This includes the chassis construction, the sizing of the actuators, both the motor and the servo motor
controlling the rudder and the on-board electronics as well as the needed mechanical elements for the
operation of the vessel. A detailed list of materials and costs can be found in the project’s repository
under the Supplementary Materials Section.

Before starting to develop the USV a set of system requirements have been defined. The vessel
must be able to carry its instrumentation and additional electronics along with a big enough payload
associated with most common drone models. It must provide an interface for its teleoperation and
autonomous control. Portability must be optimized to make access to study sites easy. Low-cost
manufacturing is considered to make possible eventual deployment of multiple units for wide area
coverage. In addition, finally, the vessel must have enough autonomy to cover survey and/or tracking
missions while maintaining a cruise speed suitable for such missions. Table 1 summarizes and lists the
aforementioned system requirements.

Concerning the environment and its effect on the design parameters, still calm waters have been
considered. This assumption fits the expected operation conditions of the platform in inland waters.
Current speed in rivers and fluvial lakes where the vessel will operate are low and often negligible,
aided too by the low profile of the hulls. Nevertheless, to take into account the possible inaccuracies of
the used approach and the assumptions made, a cruise speed five times higher than required has been
used for the design. This leaves room for faster cruise speeds and includes a wide margin of safety to
overcome factors not considered during the design.
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Table 1. System design requirements.

Requirement  Description

Ability to carry all the instrumentation and electronics necessary
Payload for navigation, as well as an UAV with an area less than 100 cm?
and a maximum weight of 2.5 Kg.

Portability It can be transported by a person.

Speed Ability to maintain a cruise speed up to 1 m/s.
Autonomy With a range between 30 to 60 min.

Teleoperated ~ Remote control through a Smartphone connection.
Automatic Autonomous navigation and obstacle avoidance.
Price Low-cost manufacturing.

3.1. Chassis Construction

For the prototype design and construction, several requirements had to be considered. First,
a wide platform surface was needed that offers a large margin of error at the time of landing, as well
as good compatibility with different UAV models. This way, the device would have a high versatility.
The use of PVC as material for the vehicle structure, was chosen for its optimal resistance in relation
to volume and weight. For the shape of the base, PVC elbows and Ts were put together with slow
drying glue. Through this method, an easy assembly was achieved. Furthermore, remote-controlled
hydroplane skates with a high flotation capacity for contact with water were placed as the key element
for the platform. A light surface with wide landing area was essential, thus a polyurethane foam,
a low-density material that has good resistance, was used. A 90° aluminum plate to carry the rudder
was placed in the vessel, connecting the two rear legs of the base, and allowing its movement. Finally,
a waterproof electrical box under the landing surface was needed to include the necessary electronics.

Figure 2 shows the USV 3D CAD design and construction stages, and Figure 3 the materials
employed in the structure construction.

Figure 2. Top and bottom view of the CAD design.
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Figure 3. Material used in the structure construction: (a) Final assembly, (b) Structure without the
polyurethane foam base, (c) The PVC materials used.

3.2. Motor and Rudder Servo Sizing

To select the necessary hardware for the vessel an analysis of the forces acting on the body and
rudder of the vessel was performed. This analysis will help define the requirements related to engine
power and the rudder servo minimum torque.

For this analysis we will first set a suitable workspace for notation. The Strider V1.0 was
considered as a single rigid solid [20], with an inertial reference frame attached to the Earth and
a body-fixed reference frame. The inertial frame was defined with the standard notation of SNAME
(Society of Naval Architects and Marine Engineers), following the NED convention, x, y and z pointing
North, East and Down respectively (see Figure 4).

Body-fixed frame

Figure 4. Standard notation and sign conventions for ship motion description on the Strider V1.0.

Angular motion is defined in terms of the Euler angles being @F = [¢ 6 ] [rad] the roll,
pitch and yaw angles respectively as shown in Figure 4. We will also define w? = [p g r]” [rad s7!]
and 8 = [K N M]T [N m] as the angular velocities and the torques about the xq, yo and z directions
with respect to the body frame.

Concerning linear motion, [xg Yo zo][m] stands for the linear position of the body-fixed frame with
respect to the body-fixed frame. While VB = [u v w]” [m s1] stands for the linear velocity of the
vessel and F? = [X Y Z]T [N] for the forces and torques applied to the body, both referenced in the
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body-fixed frame. Motions on the xg, ¥ and zg direction are usually called surge, sway, and heave,
respectively.
We start the analysis by using Newton’s second law, to describe translational motion:

my VP = B )

where m,, [Kg] is the mass of the vessel. From this expression we can then divide the F? force vector
into its different components to analyze the forces applied to the body of the vessel. This description
of the force vector is really simple but sufficient for motor sizing.

FAirDragx + FWuterDrugx + FThrust
FAirDmgy + FWaterDmgy + Fother (2)
fr+W

FB =

N < X
|

where Fairprag [N] and Fyaterprag [N] are air and water drag horizontal forces derived from movement
through both fluids and Fry,,s; [N] is the thrust produced by the propeller. f;, [N] is the buoyancy
force and Fpype, [N] are other forces not considered under normal operation such as exogenous forces
or forces not relevant or considered for motor sizing.

Since the only force opposing the thrust force of the vessel, disregarding Foyy,., for motor sizing,
are Fajrprag, and FwaterDrag, We will characterize them to obtain the necessary motor power to move
the vessel.

Now, for the calculation of air and water resistance, a fluid dynamics approach was used. Reynolds
number Re [+] was calculated using Equation (3) to characterize drag forces in both fluids.

Re— P L 3)
H
where p [Kg m~3] and p are the density and dynamic viscosity of the studied fluid, u is the surge speed

as described by Figure 4 and L [m] is the characteristic length of the drag surfaces. Reynolds number
characterizes the type of flow (laminar or turbulent) of the fluid, which affects the calculation of the
friction coefficient Cs [+]:

Laminar flow  If Re < 5 x 10° — Cr=133- Re? 4)

Turbulent flow If 5 x 10° < Re < 10" — Cy = 0.074 - Re (5)

With this in mind, we can calculate the drag forces Fp,,; [N] opposing surge motion by identifying
all the contact surfaces that contribute to the drag, both in water and air. Figure 5 shows all the surfaces
contributing to the drag force and their fluid of origin, which lets us, in conjunction with Equation (6)
calculate all the surge drag forces at play.

-p-uz-Cf-A (6)

N~

FDrag =

where p is the density of the fluid which drag force is being calculated, u is the surge speed, Cy is the
friction coefficient and A [m?] is the front surface area of the marked elements in Figure 5. A value of
5m s~! surge speed was selected to ensure compliance with the requirements established by Table 1.
The high value (regarding the requirement) of this design parameter selection is due to the necessity
of a safety margin due to the possible inaccuracies of the model and assumptions made. This also
ensures the inclusion of top speed headroom above the required cruise speed.

We can calculate then the necessary power P [W] to overcome the surge drag forces as:

P:ZFDmg'u (7)
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where } Fpyqgq is the sum of all surge drag forces and u is the surge speed.

3.2.1. Motor Sizing

Now that we have established a way to model drag forces we can determine the necessary power
for the motor of the Strider V1.0. We can start by remembering the relationship between motor power
Py, [W], torque Ty, [N m] and angular velocity wy, [rad s~]:

Py =Ty - W (8)
Recalling from Equations (1) and (2), we can get the components for the surge direction:

My - U = PAirDragx + PWaterDrtlgx + FThrust + FOtth (9)
My -1t =) Fprag + Frnust + Fother, 10)

Now, using the above equation and Equation (8), where we take into account that the torque T},
is expressed as the product of a force Wy, [N] times a radius of action r,, [m] we obtain the following
expression:

PN Prm o~ L Forag = mo i (11)
where P, [W] is the real necessary power of the motor, wy, is the motor angular velocity, r,, is the
radius of action of the motor, }_ Fpyq is the sum of all the drag forces in the surge direction. x [+]
is a performance coefficient bigger than one that corrects the theoretical power to the real necessary
power taking into account the efficiency of the motor (taken as the average performance coefficient for
electrical motors x = 0.75), other smaller contributions to the drag forces not taken into account while
sizing and absorbs the Fpyp,, term.

/ " Fskate Drag (water)

:——' FLanding Surface Front Drag ((Il?")

91cm
85cm

- . F, air
C::"" \ FStructure Drag ((IIT') skate -Fi'onlf brag ( )

FLandtng Surface Drag ((ll?")

Figure 5. Forces affecting the system. On the left: areas of the skate and landing surface where the
water and air resistance forces affect, respectively. On the right: frontal areas affected by air.

3.2.2. Rudder Servo Motor Sizing

The vessel is oriented through the rudder action, which movement is executed by a servo motor.
Concerning its sizing the forces produced over the surface of the rudder in operation were considered.
The force exerted was calculated with the distribution of pressures on its surface:

L
FRudder = /O -8 (LRudd - Z) bdz (12)
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where g [m s2] is gravitational acceleration, Ly, 44 [m] is the rudder length, b [m] its width and z [m]
the vertical that corresponds to the height in a Cartesian coordinate system. Through the rudder action
Taction [M] radius, the torque Tgy 440, €Xxerted by the servo is expressed by:

TRudder = FRudder * Taction (13)

For the setup of the Strider V1.0 the values of this design parameters are Lg,;; = 0.09 m and
Taction = 0.039 m.

3.3. Embedded System and On-Board Electronics

The USV was equipped with a central control unit and a perception system. These components
were chosen to comply with the minimum cost requirement and enable different navigation modes.
The sensors that made up the perception system are detailed bellow and shown in Figure 6:

Figure 6. On-board electronics and embedded system. The watertight box with the central control
unit was placed in the under the landing pad. The enumerated elements in the figure list the on-board
elements present in the system. The GPS was placed in the top of the platform, while the compass was
placed underneath.

. HC SR04 ultrasonic sensors for obstacle detection, with a range of 4 m.

o IMU GY-85. Inertial measurement unit with nine degrees of freedom since it features three
axis acceleration, gyroscopic and magnetic field measurements. The IMU is used to obtain the
acceleration (and speed), the attitude and the heading of the vessel. The speed of the vessel is
obtained through integration of the filtered acceleration values obtained by the IMU. It is in a
separate box, outside the electronics box to suppress the disturbances that might be caused by
the influence of the motor’s magnetic field. Attached to the surface through a sponge to absorb
vibrations.

) GPS GY-NEO6MV2, for obtaining the platform position. The GPS module was placed at the
top of the platform, and includes: the GPS module, a ceramic antenna, and a voltage divider to
enable the Arduino ADC reading.

An outline of how the control unit elements are organized and interconnected is presented in
Figure 6. Figure 7 shows the system architecture used for the system. The on-board elements marked
in the figure are listed below and labeled in the figure:
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1. Arduino Mega 2560 processor. The selection of the model was due to the large number of pins
required. A basic model such as the Arduino Uno might be insufficient.

N

L298N motor controller. Controller for engine power control and direction of rotation.

w

HC 06 Bluetooth Board. Enables remote control of the platform through a Smartphone
application.

XBee-xbp24 antennas For wireless connection within a 1 km of range.

4000 mAh Battery (7.2 V). For long period power supply for the system.

MicroSD Reader Catalex is used as a black box, records system navigation data.

N o G

Battery measurement. The platform is equipped with a battery management system. When the

battery is low, a buzzer is activated, giving an acoustic signal that alerts the user when the

battery needs to be recharged.

8. Servo HDK] D3015 for turning the rudder during vessel operation. It features a maximum
torque of 2.5 Kg em 1.

9. Electric motor thrust, with 43 W of power and a 7.2 V input voltage.

Remote Control (Smartphone/PC)

4

Main module | Positioning
Power supply system
Voltage divider Bluetooth/XBee
= GPS
Battery Ni-Cd Battery level Wireless
7.2V 4000 mAh measurement
Recogpnition
and control
- system
¥ T Obstacle
[ f [ recognition
Data logging Microprocessor — pe—
[ Serial communication ] sensors
( Digital /O ) ot
ontrol
MicroSD I Analog 110 ] P —
card reader Compass
[ PN ] Gyroscope
[ 5V y 3.3V outputs ] Accelerometer
T - )
Thrust Il Steering l
# Rudder
Engine |« Controller |} LI |

———» Power supply

—*  Communication

Figure 7. General system architecture. Describing the power and communication relationships among
the different modules that comprise it.

3.4. Mechanical Elements

The set of elements in charge of making the operation of the prototype possible is composed of:

) Torque Reducer 3:1. For the purposes of this project, a greater force is required to move the
total weight of the system, which includes the structure and the landed drone. For this purpose,
a gearbox was used to increase the torque exerted by the engine while reducing the angular
speed. The gear ratio of the used torque reducer is 3:1.

o Propeller. Converts the rotation motion of the shaft into propulsion for the vessel.

o Drive shaft. It transmits the movement from the output of the reducer to the propeller
introduced in the water. It is made of stainless steel to prevent deformation and corrosion.
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J Cardan. Articular linkage between the gearbox and the transmission shaft. Allows transmission
of rotary motion.
o Rudder. Control device used to produce steering forces in the vessel and change the heading.

You can see in Figure 8 the layout of these elements.

Figure 8. Main mechanical elements for propulsion and direction: (a) 3-blade propeller; (b) Rudder;
(c) steel transmission shaft; (d) and waterproof servo for rudder control.

4. Modeling and Control

This section provides a dynamic model of the vessel based on Maneuvering Theory which is then
used implemented in a simulator. A simple controller and a waypoint-based algorithm is implemented
to showcase some of the capabilities of the simulator. The objective of the simulator is to eventually
be a platform for prototyping control strategies before their deployment in the real robot, reducing
development and debugging time.

Besides the dynamic model and its applications, this section describes the implemented navigation
modes whose controllers can be found in the accompanying open-source repository of the USV, it
being a teleoperated mode and an autonomous obstacle avoidance controller.

4.1. Dynamic Modeling

The application of model-based design approaches to controller prototyping allows for quick
deployment and debugging of control strategies before implementing them in the real platform. For the
Strider V1.0 a dynamic model has been obtained and can be used to evaluate more complex control
policies that can be implemented in the future.

There exist many different approaches to surface vessel dynamic modeling. In [21] a wide array
of different models for the description of the vessel motion are covered .

For the Strider V1.0 model, a Maneuvering Theory approach was used. It considers the vessel’s
movement at a constant positive speed or with small variations. Only surge, sway and yaw of the
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vessel are considered due to its assumption of calm waters and low swell. Besides this, we will make
the following assumptions due to the symmetry and small size of platform:

The body-fixed frame axes coincide with the principal axes of inertia of the body
The moments of inertia are constant.

Body symmetry with respect to the center of mass is assumed.

The body-fixed frame origin Oy is coincident with the center of mass.

MY

Restricted, calm, and still-water bodies are assumed. This implies that no currents or waves affect
the motion of the ship.
Heave, roll and pitch motions are neglected due to a zero-frequency wave excitation assumption.

N

Surge motion is decoupled from sway and yaw motion due to the symmetry of the vessel hulls.
8.  Added mass effects on the hulls are neglected since only steady motion will be considered.

If we deem the previous points and the symmetry of the boat fixed axes, we obtain the
following expression, derived from the general motion equation for a rigid solid considering the made
assumptions. A more detailed description of the dynamic model development and the components of
the force and torque vectors can be found in [20]:

Mmyl3xz  03x3 vE n w? x (vaB) _ FB (14)
03x3 I | |&? w? x (Iw?) B
where m, [Kg] is the mass of vessel and I [N m s?] is the diagonal inertia matrix with respect to the

body frame. If we apply the assumptions under Maneuvering Theory, the obtained expression from
the simplified above matrix equation is:

my, 0 O u 0 —myr Of |u X
0 my Of [9] + |myr 0 0| [v] =Y (15)
0 0 L] |7 0 0 0| [r N

4.1.1. Example Controller and Simulation

From this model, a suitable controller for the system can be prototyped. As a showcase of the
capabilities of this model-based design (MBD) approach and to eventually use the model for quick
prototyping, a tracking algorithm based on route points was implemented. Waypoints are represented
by latitude and longitude coordinates (laty, lony) fork = 1,2,...,n representing an ordered database
of points, as seen in Equation (16). Two PID-based (P and PD) controllers were used for orientation
and speed (through the rudder and the propeller). The control architecture is depicted in Figure 9.

Speed_command o P(s) —D‘Z

Speed PID  Maximum thrust
output

Vbx

Current
surge
speed

cHeading amar » PD(s) > f—/Rudd_Cmd
4

Head

Current Hemd €  Hemdb—] Rudder PID Maximum rudder
heading — angle
Error caleulation
X db— X d
Heading_cmd
Y di— Y d
Current waypoint Heading angle
selector computation

Figure 9. StriderV1.0 controllers block diagram in MATLAB.
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The desired orientation angle 1;(¢) from the position of the vessel (x(t), y(t) regarding the inertial
frame) was obtained from the expression in Equation (17). The calculation of the desired angle does
not take into consideration the landing platform heading. Moreover, the calculation of a final heading
when reaching a point was not considered in this work as a line-of-sight guidance approach was used.
The expression has been written in latitude and longitude terms, coinciding with the inertial frame
shown in Figure 4, following the NED convention.

wpt.pos = (laty,longy), (laty,longy), ..., (lat,, long,) (16)

Y4(t) = atan2(longy — long(t), laty — lat(t)) (17)

where lat(t) and long(t) are current the latitude and longitude of the vessel and lat; and long de
selected waypoint coordinates. Once a waypoint has been reached, the next waypoint (k + 1) is selected,
resulting in a new ;(t). For this purpose, the concept of circle of acceptance is adopted. Once the
vessel is within a circle of radius po[m]m the next waypoint is selected.

The simulation of the model was implemented using V-REP while the control architecture was
built in MATLAB/Simulink. Figure 10 shows a screenshot of the simulation environment (which is
also able to simulate UAVs and interaction between both robots).

Figure 10. V-REP simulation environment for testing control strategies and interaction between robots.
4.2. Navigation Modes

The prototype has two different navigation modes: Manual, through a teleoperation device
(remote control) by the user. In addition, with an algorithm that calculates forthcoming actions, based
on the obstacles present in its trajectory, while trying to keep a constant surge speed and heading
selected by the user.

4.2.1. Teleoperated

The remote control can be handled by two different methods of communication: Via a smartphone
application for Android, programmed for simple commands, using a Bluetooth connection to the
control base. In addition, via a PC, with a XBee PC-Prototype connection. Figure 11 shows the
tele-operation interface being used during a test. A video showcasing this feature can be found in the
Supplementary Materials Section.

Both methods have an eight directions discrete joystick control and it is possible to adjust the
speed for each situation, with a toggle option for manual and automatic control modes. On the
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smartphone mode, the platform parameters and the sensors readings are recorded in a micro SD card,
while on the PC option it is also possible to visualize the information in real time.

Figure 11. Counter-clockwise U turn via remote control using a modified version of the Ardumotive
Bluetooth Controller [22].

4.2.2. Obstacle Avoidance

The programming of the autonomous obstacle avoidance controller was carried out following the
fundamental idea of reactive behavior. This is described as an action-reaction system. An immediate
response to a stimulus received from its environment [23]. This obstacle evasion function responds
to the necessity of maneuvering in complicated environments. For this, the proportional control law
detailed below has been used:

Command = Of fset + k - Error (18)

Of fset is a controller command parameter to send to the servos, k is the regulator gain determined by
the Ziegler-Nichols method, and the Error is the difference between the distance set as safe and the
obstacle to evade (Safe distance has been taken as 0.5 m). In relation to this, if we define the distance
that the sensor measured towards the obstacle as Doy, and the safety distance of the platform as D,
we can describe two possible scenarios with lateral obstacles in the following way:

1. Dops > 2Ds, . When the distance to the obstacle measured by the sensor is greater than twice
the safety limit, there is no reaction from the system.

2.2Ds4¢ > Dops > Ds,yr. Between the safety distance and its double, the response is proportional,
namely, as the obstacle to evade approaches, the rudder updates its position in real time proportionally
until the maximum rotation angle is reached. In this way, there is a constant regulation of the rotation
angle of the platform with an optimal response for each situation.

In case of a frontal obstacle, the system will retreat, turn, and move away until a safe distance is
reached to resume its new direction.

5. Results

This section collects the results of the performed tests and experiments. Tests performed with the
real vessel were performed to ensure the correct functioning and design specifications. The performed
tests correspond to the three navigation modes from Section 4.2. They are accompanied by test results
from the simulation environment, using the obtained dynamic model of the vessel, showing similar
dynamics, and showcasing its quick prototyping possibilities. Simulation tests show three setups with
the controllers from Section 4.1.1.

Test environmental conditions during the real and simulated tests were similar. Wind speed and
water current were minor and negligible at the time of testing. For the simulation, only sensor noise
was added to the speed and heading controllers to equate test conditions. These conditions are close to
the expected operating conditions of the multi-robot system, as it is intended for calm inland water
environments where water flow and wind speeds are low, conditions needed for correct operation and
data collection with the UAV robot.
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5.1. Manual and Autonomous Mode

Three different tests with the real platform were carried out: two in manual mode using a
smartphone to send commands, and one in autonomous mode. The aim of these tasks are to show the
correct performance of the platform, including the control of the structure by the requirements of the
user and the algorithm calculations avoiding obstacles. The heading and speed commands presented
in the figures of this section represent the reference values given to the operator of the vessel to track
them during the experiments.

5.1.1. Manual Mode: Straight Line

A straight-line trajectory was performed to observe the efficacy of the vessel’s propulsion system
and course keeping. Figure 12 shows the results obtained during the test. Three speed profiles where
commanded: first an acceleration command, an intermediate section with constant speed, and a final
breaking phase. In the intermediate part, slight variations of speed by corrections on the trajectory can

be seen.
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Figure 12. Straight-line test results. Position of the Strider V1.0 (Left) and current and reference speed

Heading ()
3

and heading values during test (Right).

5.1.2. Manual Mode: U

This test is similar to the previous one, but presents a mid-travel change in the orientation (t =8
s), performing a U-shaped trajectory. Figure 13 shows the speed and heading profiles during the test.
As it can be seen from the plots, reference tracking for heading is good. Reference tracking for surge
speed shows an offset once the turning maneuver starts, due to the offset between the velocity of the
vessel and the surge speed when the yaw angle changes (sway speed appears). This offset remains
constant and once the turning maneuver finishes speed values stabilize around the commanded speed.

5.1.3. Autonomous Mode with Obstacle Evasion

In this mode, the USV can maintain a determined surge speed (controlled by manual feedback)
while autonomously avoiding potential obstacles using the algorithm described in Section 4.2.2 by
changing its heading. This allows to perform safe roaming maneuvers finding and obstacle free
path. In this experiment a set of obstacles have been placed to demonstrate the behavior of the logic
implemented. In this experiment the controller parameters were set at K, = 0.7 and Of fset = 55 for
the proportional gain and offset parameter, which yielded the best results.

We can observe in Figure 14a significant change of orientation of the platform at times t =4s,
t=12sand t = 19 s, moments where the obstacles were detected. Again, we see the small dip in speed
due to the change in orientation; however, for these small heading changes, the offset regarding the
reference and the rising time to the commanded speed is much faster and barely noticeable. Figure 15
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shows the measurements read by the right and left sensors, and the rudder response during the test
(where the neutral position of the rudder is 90°).
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Figure 13. U-shaped trajectory test results. Position of the Strider V1.0 (Left) and current and reference

speed and heading values during test (Right).
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Figure 14. Autonomous test results. Position of the Strider V1.0 (Left) and current and reference speed

and heading values during test (Right).
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Figure 15. The upper plot shows the measured distance read by the left side sensor while the lower

plot the measurements of the right-side sensor. In the central plot, the rudder response was represented

as the rudder angle vs. time. Variations in the rudder angle are produced by the vessel’s response to

obstacles.
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5.2. Simulation Results

Concerning the performed simulations, we will showcase three test runs. The tests will use
the implemented waypoint tracking algorithm and P and PD-based controllers for the surge speed
and heading of the vessel respectively from Section 4.1.1. The three simulated runs correspond to a
U-shaped and a straight-line trajectory and a GPS waypoint trajectory tracking. The presence of heavy
disturbances was neglected because this vehicle was not developed to navigate in the sea, but in calm
inland water environments where the oscillations are approximately null. Nevertheless, an effort was
made to introduce noise in the regulators.

The implemented controllers for surge speed and heading where tuned using an initial estimate
from a Ziegler-Nichols’ tuning and then fine-tuned manually to a rise time below 2 s and no
oscillations. The final gains for both controllers where K, = 82.65 for the surge speed controller
and K, = 05, K; = 0.6, N = 214 for the heading controller, where K;,, K; and N are the
proportional and derivative gains and the filter coefficient respectively. The radius of acceptance used
was pg = 1 m.

Figure 16 shows the results for a “U” shaped trajectory simulation with added noise (Gaussian)
at the controller input, to evaluate their performance. Figure 17 also illustrates velocity and heading
tracking in a straight-line trajectory under noise. The heading angle convention used measures
clockwise from north in degrees 0° to 359°, where 0° is north, 90° east, 180° south and 270° west.
Sensor noise has been modeled as white noise with zero mean and 0eeq = 0.2 [1/5] and Tpeaging =
1 [°] standard deviation. Sample time for the noise was 0.2 s. As it can be seen from the results,
the implemented controllers are sufficiently robust to deal with the noise while maintaining control of
the vessel.
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Figure 16. Position of the Strider V1.0 during the U-shaped trajectory test (left) and current and
commanded speed and heading for the U-shaped trajectory test (Right).
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Figure 17. Current and commanded speed and heading for the straight-line trajectory test.
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Figure 18 presents the trajectory followed by the vessel during a waypoint tracking test using
coordinates under the WGS84 system, which provides a framework for calculating distances and

transposing to Cartesian coordinates. The list of ordered waypoints used in this test is shown in
Table 2.

Table 2. Ordered waypoint vector with latitude and longitude coordinates.

Waypoint No. 1 2 3 4 5 6

Latitude (°) —-3.5352 35351 35350 —3.5352 —3.5352 —3.5352
Longitude (°)  40.3000  40.3001  40.3002  40.3003  40.3005  40.3006

e

7 drV1.0 Position
| B  Waypoints

40.3006

40.3005

40.3004

Longitude (%)

40.3003
40.3002 [;
40.3001

40.3

-3.5356 -3.5355 -3.5354 -3.5353 -3.5352 -3.5351 -3.535
Latitude (%)

Figure 18. The figure illustrates the trajectory followed by the vessel during the waypoint tracking test.
The starting waypoint is the southernmost. The map and coordinates correspond to a testing area for
the Strider V1.0.

6. Discussion and Conclusions

With the aim of flying a UAV over fluvial environments, a mobile platform was designed
and developed as a support vehicle. Among the main features of this platform are its low cost
of manufacturing (less than 500 euros), ease of transport (weight less than 5 Kg and its dimensions are
less than 1 m?) and ease of control using a mobile phone or PC.

The built platform can carry different UAV models and meets all the design requirements indicated
in Table 1. This was possible due to the combination of lightweight and affordable materials such
as PVC, polyurethane, and electronics such as Arduino. The simplicity of the design implies easy
maintenance and repair of the vessel, without disregarding any of the design requirements, and
contributes to its low price. Table 3 lists the fulfilled design requirements set along a short description.
For more detailed and additional information on the requirement fulfillment please refer to the project’s
repository included in the Supplementary Materials Section.
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Table 3. System design requirements fulfillment.

Requirement Fulfilled Details

The prototype can carry the chosen UAV with a total payload of 2.5 Kg
during the tests while meeting all other design requirements. Please refer
to Figure 1 where the Ar. Drone (~2 Kg payload) sits on it. Please refer to
the supplementary materials for more detailed information.

Payload Yes

Thanks to the low weight (5 Kg) of the vessel handling of the vessel and
transportation is simple. If necessary, it can be easily strapped to the

Portability Yes back for ease of transportation to study sites without being excessively
cumbersome. Please refer to table provided in the supplementary
material with detailed weights.

Constant cruise speed of 1 m/s can be achieved by the vessel. Please

Speed Yes refer to Figure 13.

Autonomy of the vessel during continuous use was around 60 min. Since
Autonomy Yes the system does not operate at full thrust continuously the 4000 mAh
battery achieved almost 60 min of operation during the tests.

Tele-operation of the vessel is possible and allows remote control of the
Teleoperated Yes vessel, either through manual commands or autonomously. Please refer
to the video provided in the supplementary material.

Final price of the vessel was less than 500 €, making this USV
Price Yes platform affordable and accessible. Please refer to table provided in
the supplementary material with detailed costs.

Furthermore, a dynamic model from the built platform was also obtained to provide a rapid
channel for control prototyping and system configuration without the need to carry out test directly in
the physical platform.

To evaluate the success of the design several experiments were performed with the vessel.
Real tests demonstrate the capabilities and robustness of the platform and showcase the use of
the implemented navigation modes from Section 4.2. Simulation tests verify the suitability of the
vessel model and the performance of the P and PD controllers for speed and heading, respectively.
Noise disturbance rejection of the implemented controllers in simulation tests yielded stable behavior
under disturbances and exogenous effects. Considering the simplicity of the control architecture,
the achieved results are sufficient for the given application, although better control schemes can be
designed and applied in the future.

Using the obtained dynamic model for prototyping and deploying controllers has proved to be a
good approach to reduce deployment and development time while testing in a risk-free environment.
As future work, it is intended to develop a second prototype with more sensory and processing capacity
to test further control schemes and collaborative behaviors with the UAVs in different environment
conditions. For example, the speed of the vessel is achieved via integration of the acceleration values
obtained from the IMU. Although this method suffers from some drift in the values in long tests
an EKF fusing GPS and IMU data to obtain velocity will be implemented in the future. Further
modifications will also be done in the landing base to enable the attachment of backpack strips for
easier transportation by a person.

Finally, to the best of our knowledge this is the smaller double-hull USV ever built and we believe
that will be an added value point in future aerial remote sensing mission in aquatic environments.

Supplementary Materials: The source code of the prototype and the video with the tests performed can be
acquired in the following links respectively: github.com/davodav93/Strider and youtu.be/8sj1Q5ENeWA.
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Abbreviations

The following abbreviations are used in this manuscript:

COLREGs International Regulations for Preventing Collisions at Sea 1972

EU
EKF
MO
NED
PID
pPVC

European Union

Extended Kalman Filter
International Maritime Organization
North, East, Down

Proportional Integral Derivative
PolyVinyl Chloride

SNAME Society of Naval Architects and Marine Engineers

UAV
Uusv

Unmanned Aerial Vehicle
Unmanned Surface Vehicle
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