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Abstract

Water sampling is an essential procedure
for water quality monitoring. Tradi-
tionally, the samples are handpicked by
humans, making it an expensive and
time-consuming process. This thesis
proposes a solution to this problem by
creating a water sampling manipulator
for an Unmanned Aerial Vehicle.

In the beginning, the thesis provides an
overview of currently used solutions utiliz-
ing various Unmanned Vehicles. Based on
the review, a water sampler suitable for
a Tarot T650 drone is developed, start-
ing with the description of the mechanical
design. Next, a printed circuit board is
created to control the mechanism. With
the necessary hardware complete, the con-
trol board is programmed, and a ROS
node is created to integrate the manipu-
lator with the MRS system. Finally, the
device is thoroughly tested separately and
on a drone.

Keywords: water sampler, manipulator,
unmanned aerial vehicle

Supervisor: Ing. Pavel Stoudek
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Abstrakt

Odebirani vzorka je dulezitou soucasti
monitorovani kvality vody. Tradi¢né jsou
vzorky odebirany rucné, coz c¢ini tento
proces nakladnym a zdlouhavym. V této
praci je popsan vyvoj vzorkovace vody
pro bezpilotni multirotorovou helikoptéru,
ktery Tesi tento problém.

Nejprve je predstaven soucCasny stav
vyuziti riznych bezpilotnich vozidel pro
vzorkovani vody. Na zakladé tohoto pre-
hledu je navrhnut vzorkovac vody pro Ta-
rot T650, mechanickym designem poci-
naje. Poté je popsan vyvoj desky plosnych
spoju slouzici ke Tizeni tohoto pristroje.
Deska je nasledné naprogramovana. Aby
toto zarizeni mohlo byt pouzito s MRS
systémem, je v ramci této prace vytvo-
fen také potfebny software pro integraci
s ROS. Na zavér je zarizeni otestovano jak
v laboratori, tak pri letu dronu.

Klicova slova: vzorkovac vody,
manipulator, bezpilotni dron

Pteklad nazvu: Navrh robotického
vzorkovace vody pro autonomni
multirotorovou helikoptéru
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Chapter 1

Introduction

Unmanned Aerial Vehicles (UAV), also known as drones, first appeared about
100 years ago. For the majority of the time, they were mostly used for military
purposes. However, since the 2000s and especially in the last decade, drones
have rapidly emerged in civilian sectors, like aerial photography, industrial
inspection and security, and many more [I]. This development was made
possible by extensive research.

One of the appearing research areas is the usage of drones for water sam-
pling. This process allows us to observe and measure water quality over
time. It is a crucial step for solving many problems people have to face, like
the spreading of diseases, such as diarrhea, dysentery, hepatitis A and others.
Poor drinking-water quality, sanitation, and hygiene cause up to 829 000
diarrhea deaths per year, out of which 297 000 are children under five years
of age [2]. It is also vital for a swift response to environmental disasters,
such as river water poisoning due to a leakage of dangerous substances, or oil
spillage monitoring at seas.

Traditionally, surface water sampling is done by handpicking samples by
humans, either from a shore or from a boat. This approach can be labor-
intensive and expensive when dealing with large bodies of water, for example,
lakes. To partially overcome these problems, some organizations involve
volunteers in collecting the samples [3]. Nevertheless, many areas are inacces-
sible for humans or potentially harmful to their health, like flooded queries
or rivers contaminated by microorganisms. The usage of drones for water
sampling might solve all these problems.

B 11 Am

The main goal of this thesis is to design a water sampling manipulator that
will be mounted on a drone. Based on a review of tested solutions provided
in Chapter [2, some additional aims were set:

® the drone should be able to collect more than one sample per flight



1. Introduction

to increase sampling speed

® the sampling mechanism should be able to clean itself to minimize
cross-contamination

® the manipulator should be retractable for increased accessibility to smaller
spaces

This manipulator will be mounted on the Tarot T650 Sport (Figure ,
which is one of the platforms used by MRS Group [12].

Figure 1.1: Tarot T650 Sport [13]

B 1.2 Outline

In Chapter [2, we will briefly discuss the currently used and researched water
sampling methods, both with UAVs and other autonomous vehicles.

We then move on to our proposed solution, with the mechanical design
being introduced first in Chapter 3. We will discuss the two parts composing
the water sampler: the arm, mounted in front of the drone, and the sorter,
mounted in the back. We will also mention the external components allowing
the device to move (servomotors) and take water samples (a submersible
water pump).

In Chapter 4, we will talk about the process of designing a printed circuit
board (PCB), which will be responsible for the control of the water sam-
pler. We will discuss the individual electronics components forming the PCB,
especially the microcontroller unit (MCU) and the power management com-
ponents.

With the hardware part behind us, we will take a look at the software
in Chapter |5, starting with a brief overview of the Robot Operating Sys-
tem (ROS) and the water sampler node, a program used to send commands
to the device from a central computer. We will then talk about the software

2



1.2. Outline

running on the PCB’s MCU, controlling the water sampler manipulator.

In Chapter 6| we will take a look at how the water sampler functions. Before
mounting the device on a drone, we will thoroughly test it in a lab, starting
with the communication between the ROS node and the MCU, checking
that it is capable of receiving commands and replying. We will then try out
the servomotors and conduct a multiple sampling tests with the submersible
water pump to asses for how long the pump should be turned on for correct
sample volume to be taken. Finally, we will mount the device on the drone
and check that it is functioning in flight.

In the last Chapter [7, we will recapitulate the thesis and discuss future
work ideas and possible improvements.






Chapter 2

Related work

During the research of this topic, a few already tested water sampling mecha-
nisms incorporating autonomous vehicles were found. These can be further
divided into two categories:

B water sampling using other autonomous vehicles

B water sampling using drones

B 21 water sampling with using autonomous
vehicles

Before drones were considered, autonomous surface or underwater vehicles
(ASV or AUV) had already been used for water sampling.

An ASV introduced by Hitz et al. [4] was from the beginning designed
for water quality monitoring, mainly for tracking the development of harmful
cyanobacteria. It is capable of taking samples in variety of depth ranges over
a long period of time. On the other hand, it weights around 120 kilograms,
which makes it impractical for monitoring disconnected water bodies and im-
possible for one scientist to carry and set up.

EcoMapper is a commercial AUV developed by YSI [5]. It is a low cost,
person-deployable solution for deep water monitoring [6], able to submerge
in 100 m depth. However, it is capable of 4 knots (2.0 m/s) maximum speed,
which could be time-consuming when used for sampling lakes. Also, with
GPS being unavailable under water, precise navigation to a requested location
could prove challenging [7].



2. Related work

(a) : Hitz et al. ASV [4] (b) : EcoMapper [5]

Figure 2.1: ASV and AUV water sampler examples

B 22 water sampling using drones

In this section, a brief introduction to a few already tested solutions is going
to be given.

Nixie [8], a commercial solution, is a water sampling attachment that can
be mounted on an M600 drone made by DJI. It consists of a cage connected
to the drone via a cable. A 500 ml bottle is put into the cage, and when
a sample should be taken, the whole cage submerges in the water. However,
it can only take one sample per flight, which could be tedious. Furthermore,
it is non-retractable. This could be problematic in areas where a low-altitude
flight is necessary.

Cengiz Koparan et al. design [9] uses a similar approach as the Nixie,

but their improved version [10] can take up to three 120 ml samples per flight.
Nevertheless, those samples can only be obtained from a single place.

[~

|

(a) : Nixie [8] (b) : Koparan et al. [10]

Figure 2.2: Drone water sampler examples

A water sampling manipulator made by John-Paul Ore et al. [I1] utilizes
a different design. In the front, the system has a submersible pump connected
through a tube to the back of the drone, where a water sorting mechanism
with three 20 ml vials is attached. When a sample is requested, the pump
is submerged, and the water is directed into one of the vials. This approach

6



2.2. Water sampling using drones

is beneficial because only one flight is necessary to obtain samples from three
different locations. Furthermore, the manipulator has a self-cleaning proce-
dure to avoid cross-contamination. Despite all of its advantages, the system
is also non-retractable.

Needle

Chassis

Cap
Servo

(b) : Sampler model

(a) : Sampler mounted on a drone

Figure 2.3: Ore et al. water sampler [I1]

The last manipulator served as the main inspiration for our system.






Chapter 3

Mechanical design

The mechanical design of the water sampling mechanism was modeled using
the Autodesk Inventor CAD software. The manipulator is composed of two
main parts:

B an arm
B 3 sorter

Both parts will be mounted on a drone’s battery holder, the arm to the front
and the sorter to the back.

B 31 Am design

The primary purpose for selecting an arm for holding the pump and taking
water samples is to make the manipulator retractable, which increases safety
during a flight and enables the drone to get into smaller spaces, like caves.
It could potentially improve flight dynamics as well.

‘F 181.50
. (C ) =l [ ogal |
1 D O g 7
248.50

Bl T

Figure 3.1: Arm design (all dimensions in mm)



3. Mechanical design

The arm consists of two links and two rotary joints. Two links were
used to make the arm longer, increasing the distance between the surface
and the drone, which could possibly be damaged when coming into contact
with water. The links were 3D printed with a Prusa i3 MK3S printer
from a Polyethylene Terephthalate Glycol (PETG) filament. The joints are
operated by the Dynamixel AX-12A servomotors.

B 32 Sorter design

The sorter, like the arm, was 3D printed. It consists of four cup holders
arranged in a circle. Those are designed to hold typical 200 ml plastic cups,
which are inexpensive and can be easily exchanged, permitting multiple
samples to be taken. Each cup holder has a cut-out section, which permits
the cup to be exchanged even when obstructed from the top. In the middle
of the circle there is the third Dynamixel AX-12A servo. On this motor,
a socket for the tube is mounted. It is slightly bent at the end to direct the tube
into a cup. The servomotor then rotates the tube, directing the water pumped
by the submersible pump into an appropriate plastic cup. There is also a cut-
off section at the top of the circle. Its purpose is to allow the manipulator
to flush its contents before taking a sample, reducing the possibility of cross-
contamination.

206.15

Figure 3.2: Sorter design (all dimensions in mm)

10



3.3. Used components

Figure 3.3: Water sampler render

B 33 Used components

B 3.3.1 Submersible pump

Some key aspects were taken into consideration during the selection of a sub-
mersible pump

B it should operate on 12V for voltage compatibility with servomotors,
allowing both to be powered from a single voltage source, saving space
on the control board and a manufacturing cost

® it should be low-powered to increase battery life, but also powerful
enough to draw water to at least 1-meter height, making certain that
the samples will be taken

® it should be lightweight for the servomotors to hold it in retracted state
without too much of an effort, resulting in a decrease in a current drawn
by the device

After a market research, the pump in Figure with the following specifi-
cations (Table was selected:

11



3. Mechanical design

Figure 3.4: Submersible pump [14]

Specification Value
Rated voltage 12 [V]
Rated current 350 [mA]
Power consumption 4.2 [W]
Flow rate 120 [1/h]
Transportation height 3 [m]
Operating temperature 0-75[°C]
Weight 94 [g]

water, oil, petrol,

Lioui
iquid acid and base solutions

Table 3.1: Submersible pump specifications [14]

B 3.3.2 Dynamixel AX-12A

DYNAMIXEL AX-12A (Figure is a smart servomotor developed by ROBO-
TIS. It is a widely used actuator in many robotic applications, ranging from
robotic arms to complex systems like six-legged robots.

12



3.3. Used components

B Specifications

Figure 3.5: DYNAMIXEL AX12-A [I5]

Specification Value
Input voltage 9.0 - 12.0 [V]
Stall current 1.5 [A]
Resolution 0.293 []
Running degree 0 — 300 [°]
Operating temperature -5 - 75 [°C]
Weight 54.6 [g]
.. Half duplex Asynchronous
Communication . .
Serial Communication
Protocol DYNAMIXEL Protocol 1.0

Table 3.2: DYNAMIXEL AX-12A specifications [15]

B Communication protocol

The main advantage of DYNAMIXEL AX-12A is that, unlike many other
servomotors, which are externally controlled through a pulse width mod-
ulation (PWM), these are operated using a custom serial protocol called
DYNAMIXEL Protocol 1.0 [I6]. The inner circuitry receives commands
sent by a microcontroller over a half-duplex universal asynchronous receiver-
transmitter (UART) interface and then converts them to control actions.
This approach also allows connecting multiple of these servos to one bus and
control them independently, saving microcontroller pin connectors.

The packets used in DYNAMIXEL Protocol 1.0 have the following structure
(Table 3.3):

13



3. Mechanical design

Headerl Header2 Packet ID Length Instruction Param 1 ... Param N Checksum
0xFF 0xFF Packet ID  Length  Instruction Param 1 ... Param N CHKSUM

Table 3.3: DYNAMIXEL protocol 1.0 packet [10]

where Packet ID is the ID of the servomotor (0x00 — 0xFD) or a broadcast
address (0OxFE), Length of the packet is calculated as

Length = number of Parameters + 2, (3.1)

Instruction tells the inner circuitry what it should do (e.g., Read/Write
to Control Table, Factory Reset etc.), Param 1 ... Param N are the instructions
additional data and Checksum is calculated as

Checksum = ~ (ID + Length + Instruction + Parameter1 ... + ParameterN),
(3.2)

where ~ is a bitwise negation.

An example of a packet sent over a UART can be found in Figure [3.6]

SIGLENT 1 10, Dus/

——rr—r—F, P rr— ———r—

Figure 3.6: Example of a write instruction packet

14



Chapter 4
PCB design

This chapter is going to describe the design of a PCB we developed for con-
trolling the water sampler. For the proper function of the device, it had to
comprise several essential components:

8 an MCU responsible for managing peripherals and communication with
the UAV on-board computer

® a Universal Serial Bus (USB) connector for communication with the main
computer

® various other connectors for programming/debugging the MCU, commu-
nication with the servomotors, and others

® a MOS transistor for switching on and off the water pump

B 3 5V to 3.3V regulator for a stable power supply for the MCU and other
integrated circuits (ICs)

® a 22V (Battery voltage) to 12V power management IC for powering
the servomotors and the water pump

In the following parts of this chapter, the components selected to satisfy
those requirements are going to be discussed.

. 4.1 Microcontroller unit

The central part of this circuit board is the MCU. As stated before, it is used
for the control of the water sampler and the communication with the main
computer. For this application, we selected the STM32F042K6T6. It is
an entry-level, reasonably priced MCU with a USB peripheral needed to re-
ceive commands from the onboard computer. It is capable of a single-wire
UART communication, which is used to send the instruction packets to the ser-
vomotors.

According to the datasheet [17], some external components were needed
to achieve a proper function, mainly decoupling capacitors to bypass the power

15



4. PCB design

supply, an external reset button with a capacitor to minimize parasitic resets,
and a boot pin (PB8) pull-down resistor. Moreover, an inductor was added
before the analog power supply pin, which, combined with the bypass capaci-
tors, works as an LC low-pass filter, smoothing the voltage spikes when the
MCU circuitry is switched.

Although the MCU is capable of a crystal-less USB operation (i.e., USB
can run from an internal RC oscillator, and an external crystal oscillator is
not required), crystal oscillators generally have better accuracy over a tem-
perature and supply voltage range. Because of that, an external 24 MHz
crystal oscillator was chosen. An external capacitors’ value needed to set load
capacitance can be calculated using Equation 4.1

Cy-Cy

Cr=—"—=-
L Ch1+Cy

+ 0, (4.1)

where C7, is the load capacitance (specified in datasheet [18], 10 pF for the used
oscillator), Cy is stray capacitance (generally ~ 5pF), C; and Cy are external
capacitors’ capacitance [19]. Assuming C = Cq, we can modify the Equation
4.1

Cq-Cy
—+ (s, =C 4.2
C1+ Oy L (42)

ct

o 4,
20, +Cs =01, (4.3)
1

501 =Cp —C; (4.4)
Cr=2.(Cp—Cy) (4.5)
C1=2-(10—5) pF = 10pF (4.6)

An external resistor for the oscillator is also included. Its purpose is
to limit the drive level of the crystal oscillator [19]. The resistor’s value can
be calculated using Equation 4.7

1

Rea:t = mv

(4.7)

where F' is oscillation frequency. By substituting the variables with given
values we get [4.8

1 1

R pe— p—
ot onFCy 2w -24-106-10- 1012

~ 663 Q) (4.8)

Last, we added a blue LED for status logging and debugging purposes.

16
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Figure 4.1: MCU schematic diagram

Pin Function Description
PA2 USART2 TX servomotors control
PA4  USART2 TX EN switch between
transfer and recieve
PA6  PUMP SWITCH turn on/off
the water pump
PA7 LED STATUS  status and debugging LED
PA9 USART1 TX not used, backup
PA10 USART1 RX not used, backup
USB negative
PALL USB D- differential line
USB positive
PA12 USB D+ differential line
PA13 SWDIO programming/debugging
data transfer
PA14 SWCLK programming/debugging
clock
PBS BOOT pulled down for booting
from flash memory
PFO 0SC IN high speed
crystal oscillator input
high speed
PF OSC OUT crystal oscillator output
NRST NRST reset button input

Table 4.1: MCU pinout

17



4. PCB design

B 22 Power management

B 421 5Vto33V

Because the USB is needed for communication with the central computer
and, therefore, is already included, it can also be used to power the control
board’s MCU. A USB 2.0 standard power line has 5V voltage and can deliver
up to 500 mA of a current, which is more than sufficient. However, the input
voltage for our MCU is 3.3V, so it needs to be stepped down. For this
purpose, an AZ1117TH-3.3TRG1 [20] low-dropout linear voltage regulator is
used because the control circuitry of the PCB does not draw a lot of current,
and therefore, the voltage regulator will generate only a minor amount of heat.
The schematics can be found in Figure |4.2,

+3.3V
PS1
I* AZ1117IH-3.3TRG1
GND
+5V 1 _{ADJ/GND vOUT 2
T 2 | ouTPUT
3 1INPUT

J— c7 —|— c8
T 10u T??u

GND

GND

Figure 4.2: Linear voltage regulator schematic diagram

B 4.2.2 Battery voltage to 12V

Unlike the control circuitry, the servomotors and the water pump are rated
for a 12V input voltage and draw a considerable amount of a current. A single
AX-12A servo can take up to 1.5 A of a stall current (a maximal current
when the load is too heavy or an armature is prevented from rotating),
and the pump can draw up to 350 mA. Hence, a linear voltage regulator could
not be used because it would require external cooling.

For this purpose, an LMZM33606RLXR [21] power module is used, a switch-
ing buck converter capable of delivering up to 6 A of a current. This is ample
to drive both the servomotors and the water pump. This particular step-down
converter is also convenient because it only needs a few external components
for correct function, reducing the space required on the PCB. The complete

18



4.2. Power management

schematic diagram can be found in Figure 4.3\

First, feedback resistors needed to be selected to set the output voltage.
The resistor values were calculated using Equation 4.9

Rppr =10 (Vour — ViR) K, (4.9)

where Rppr is high-side feedback resistor’s resistence, Vi, is a desired
output voltage, and Vi is a feedback voltage (typically 1.006 V'). Substituting
our values for the variables we get

Rppr =10+ (12 — 1.006) = 109.96 k2. (4.10)

The recommended value for the low-side resistor is Rpgp = 10 k).

Even though the LMZM33606 is internally compensated for being stable
over the operating range, adding a feed-forward capacitor can improve its
performance. The value of Cpp was calculated using Equation 4.11

Vout - C,
Crp =4.3- % pF, (4.11)

where Cy, is output capacitance in pF, which, in our case, is 3-47 = 141 uF
(minimum required output capacitance for 12V voltage is 100 uF), and Rppr
is in k2. Substituting given values for the variables gives us

12141

—43.
Cre =43 —15

~ 66 pF (4.12)

A resistor is connected to the RT pin to set the switching frequency.
A 475k resistor was chosen, which corresponds to the switching frequency
of 800 kHz.

The LMZM33606 buck converter has an internal low-dropout linear voltage
regulator powering the control circuitry. Usually, the regulator is powered
by the input voltage, resulting in unnecessary heat generation for larger input
voltages. An external bias voltage can be applied to the BIAS SFEL pin
to decrease the power loss. Thus, a 5V bias voltage from the USB is provided.
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uz
LMZM33606

VIN

VIN

EN
RT

NC
BIAS_SEL
PGOOD
PGOOD_PU
SS/TRK
DNC_VCC
DNC

SYNC/MODE

10k
R9

GNDA

Figure 4.3: Buck converter schematic diagram

B a3 Pump switch and voltage level translating

transceiver

To turn the pump on and off with the MCU, a PMV15ENEAR [22] is in-
cluded, a logic-level N-channel MOS transistor with electrostatic discharge
(ESD) protection, capable of driving up to 30 V/6.2 A loads with a low 20 m$2
resistance when switched on. To keep the MOSFET gate low during startup

and MCU resets, a 10k pull-down resistor was added.

Because the control circuitry of servomotors runs on a 5V voltage, a
TAAXP1T45GWH [23], a 3.3V to 5V voltage level translating transceiver
with direction control is included. However, it is unnecessary as the receiver
of the servomotors functions on a TTL logic level, with a low signal defined
as a voltage between 0V and 0.8V and a high signal defined as a voltage

between 2V and 5V.

g}
o )al
PUNP_SWITCH ]/ PMVASENEAR
™|
y

(a) : Pump switch

+3.3V

GND

|l
USART2_TX_3.3V A

C19
100n

+5vV

c20
100n

GND Ic1
THAXPLT45GWH

vee(a) vee(s) -8 GND
GND DIR 5 USARTZ2_TX_EN_3.3V
4 SERVO_DATA

[ [
w

(b) : Voltage level translating transceiver

Figure 4.4: Pump switch and voltage level translating transceiver schematics
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. 4.4 USB and other connectors

As stated before, the MCU needs to communicate with the central computer
through the USB 2.0 protocol. A mini USB type B connector was selected
since it is smaller than a USB type A connector, saving space on the PCB,
and it is more durable than micro USB connectors.

Because the MCU is vulnerable to ESD and USB connector could potentially
be exposed to a static discharge when connecting/disconnecting the USB,
an IP4234CZ6 [24] integrated circuit was included, which contains TVS diodes
designed to redirect static discharges.

7
USB2066-05-RBHM-15-STB-00-01-A

+5V MP1.

-

<1 fvgus wmp1 (MBI
[USBCONND——2—0-  Mp2 MP2¢
[USB_CONND+)»— 0+  Mp3 MP3«
4 fip Mpy HMPoy

b1 +5V

IP4234C76.125

USB_CONN_D+)—+—{ CHANNEL_1 1 CHANNEL_2_2 -8 (USB_CONN_D=
2 | GROUND SUPPLY_VOLTAGE |2

USB_D+ )| CHANNEL_1_2 CHANNEL 2 1 -4 <(USB_D-

(2]
z
=
mT
o)
=
(=]

GND
Figure 4.5: USB connector and ESD protection schematic diagram

As for the other connectors, it is necessary to connect the battery power
supply, the servomotors, the water pump, and the serial wire debug (SWD)
interface to the PCB.

The battery power supply uses an XT30 connector, with the XT series
being used frequently on the MRS drones.

The servomotors are designed for a MOLEX Mini-SPOX 22035035 3 Pin
Wire-to-Board connectors, which have a similar footprint to standard 2.5 mm
header pins. Pin 1 is connected to the ground, pin 2 is connected to the 12V
supply voltage, and pin 3 is connected to the DATA line. 10 uF and 100 nF
decoupling capacitors were added to increase input voltage stability, as used
in an examplery circuit figure in [I5]. The DATA line is driven high to 5V
with a 10k pull-up resistor on the 5V side of the voltage level translating
transceiver and to 3.3V on the 3.3V side.

The water pump is connected to the PCB through standard header con-
nectors with DuPont connectors. Because the pump contains a DC motor,
which is an inductive load, a flyback diode was added to suppress voltage
spikes when it is switched off.

The SWD is a debugging interface developed by Arm Ltd. as an alternative
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4. PCB design

to the Joint Test Action Group (JTAG) interface. It is a two-pin interface,
using the SWDIO as the data transfer line and the SWDCLK as the clock line.
The programmer also needs a 3.3 V reference voltage input, the ground refer-
ence, and optionally a reset input. All those are connected to the programmer
through standard header pins and DuPont connectors.

+3.3V

L

SYS_SWCLK 12

SERTHI Header_1x5

= NRST
GND

Eoll (R (N ]

o

J3
Header_1x3

USARTL_ O | s
USARTLRX 2] | Header_1x2
+12v

BATT+

GND

o2 S 1 E 5 GND GND
RS1004FL_R1_00001 2 Header_1x2 2 (G) Power_Input ‘I|—°2,2mm -|}—°2‘2mm
GND GND

BATT— ‘I|—°2,2mm -I}—°2.2mm

Figure 4.6: Various connectors schematic diagram

B 45 PCB layout

All the components were fitted on a 2-layer board to minimize manufacturing
costs. The front side of the PCB contains all of the electronics components
and most of the routing, with as few as possible routes on the bottom part
of the the MCU. Both sides are filled with a ground copper pour where no
routing is presented. The decoupling capacitors were put as close as possible
to their respective pins. The high-speed components, like a USB and crystal
oscillator, near the MCU to minimize trace length, and therefore the signal
interference. Most signal routes are 0.3 mm thick. The 3.3V and 5V power
lines are 0.5 mm thick. Since the 12V power line will pass a high amount
of a current, its traces were made 3 mm thick to decrease the PCB heating.

The PCB was designed using the KiCad software, a free electronics
schematic editor, and a PCB layout editor. The designed files were then
exported and sent to PCBWay, a Chinese company responsible for PCB
manufacturing. The final dimensions were 54.5 mm wide and 50 mm long.
The routing is shown in Figure |4.7| (top layer) and Figure 4.8 (bottom layer).
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4.5. PCB layout

Figure 4.8: Bottom layer routing

The board was assembled by hand. Firstly, a soldering paste was applied
using a stencil. Secondly, components were placed to their corresponding
footprints and soldered to the PCB using an infrared reflow oven. Finally,
inadequate connections were reinforced with a hot-air soldering station and
a soldering iron. The assembled board can be found in Figure
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Figure 4.9: Assembled PCB
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Chapter 5

Software

Up until now, we have been talking about the hardware part of the water
sampler. We are going move on to the software. Since the central computer
of the UAV used by MRS runs ROS [25], two separate programs were made:

® a ROS program which establishes communication between the central
computer and the water sampler

B a3 water sampler control board program, which interprets the messages
sent by ROS and gives commands to the peripherals

First, the ROS program is going to be discussed.

B 5.1 ROS Water Sampler program

B 5.1.1 ROS overview

ROS is an open-source collection of software libraries and tools curated
by Open Robotics, a non-profit organization headquartered in Mountain
View, California. Aimed at both commercial and research robotics applica-
tions, ROS has been proven by numerous organizations over its more than
ten years of development, helping create billions of dollars in value [26].

B 5.1.2 ROS Package

A ROS Package is a collection of executables (called nodes), configuration
files, datasets, and other useful files. Their primary purpose is to organize
everything into easy-to-use bundles, making them reusable without a lot of ef-
fort.

B ROS Master

The central part of the Robot Operating System is the ROS Master [27], a pro-
gram providing naming and other services for other ROS nodes. The Master
keeps track of publishers and subscribers to topics, enabling nodes to locate
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5. Software

and communicate with each other.

B ROS Node

A ROS Node [2§] is a program written in either C++ or Python, serving
as the basis for computation in the ROS environment. Individual nodes
take care of a simple task, e.g., one node can control a motor while another
controls an ultrasonic range sensor or a gyroscope. When connecting them,
we can get a complete robot system, like a UAV.

B ROS Publishers, Subscribers, Topics and Messages

Nodes communicate with each other using a structure of publishers and
subscribers. When a node wants to send data it has computed, it does
it by publishing a message [29] (a data structure containing typed field
defined in msg files) to a topic [30], which is a named bus used for exchanging
messages. Any other node which wants to receive the data must be subscribed
to the same topic, and the message will be forwarded to it.

B 5.1.3 ROS Water Sampler node

The ROS Water Sampler node is a program written in Python used to send
commands to the water sampler manipulator. It creates two custom topics,
/water_sampler/input and /water_sampler/output. The input topic is
used to send commands to the water sampler, providing a control interface for
other nodes, which makes it easily extendable with external control logic, e.g.
a neural network. To test the functionality, a node reading keyboard inputs
from a user was created. The node converts the inputs to commands and pub-
lishes them to the /water_sampler/input topic, which are then directed to
the water sampler node. If it is evaluated by the water sampler node as a cor-
rect command, the node creates a message with data required for the MCU
to interpret it and publishes it to a /uav_name/serial/send_message topic.

This topic is provided by mrs__serial [31], a node that sends and receives
messages from devices connected to serial lines like USB and UART. It works
with its custom Baca Protocol messages with the structure defined in Table
5.1

Header Payload size Payload 0 (Message ID) Payload 1 ... Payload N Checksum
b’ payload_ size payload_ 0 payload_1 ... payload n checksum

Table 5.1: Baca Protocol

where checksum is the sum of all previous bytes.
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5.2. STM32 Water Sampler program

The water sampler node only creates the Payload part of the message,
and the rest is filled by the mrs_serial. The water sample MCU accepts
the messages defined in Table

Header Payload size (hl/[):sysl:;:lltl))) Payload 1 Checksum Description
0x62 0x02 0xAA 00 0x0E retract arm
0x62 0x02 0xAA 01 0x0F extend arm
0x62 0x02 0xAA 02 0x10 take sample
0x62 0x02 0xAA 03 0x11 reset samples

Table 5.2: Commands accepted by the Water Sampler MCU

B 5.2 STM32 water Sampler program

The MCU on the water sampler control board is programmed using C. The ini-
tial code, which sets up the necessary peripherals needed to communicate
with the UAV’s central computer, servomotors, and to control the pump, is
provided by using STM32CubeMX, an initialization code generator providing
an easy-to-use configuration of the STMicroelectronics (STM) MCUs. It is
part of the integrated development environment (IDE) STM32CubelDE.

RCC_OSC_IN [z
RCC_0SC_OUT |Zgb

STM32F042K6Tx
LQFP32

USART2_TX [

LED_STATUS |/

PUMP_SWITCH ||zl

USART2_TX_EN_3V3

SYS_SWCLK
SYS_SWDIO
USB_DP
USB_DM

Figure 5.1: CUBEMX pin initialization

When the MCU starts, all the peripherals being used are initialized. Then
the servomotors receive commands to decrease their speed and return the arm
to the retracted position. After that, the program moves into a loop and waits
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for commands sent over the USB. If a packet is received, the MCU checks
if it is a valid command. If everything is correct, the command is executed.
Otherwise, MCU replies with a bad__command__received packet.

Whenever ROS requests a sample to be taken, the MCU first examines
if the arm is retracted. If it is, then it checks whether or not the sorter has
enough free cups for samples. Provided that it does, it first flushes the tube
to minimize cross-contamination, and then it takes the sample and sends
a packet containing information about how many cups free for samples there
are. To minimize movement of the center of mass, it first takes samples into
the two innermost cups and then moves on to the outer cups.

For every command, MCU sends out a corresponding reaction after finishing
the action. The overview of all the MCU replies can be found in Table |5.3|

Payload 0

(Message ID) Payload 1 Checksum Description

Header Payload size

number of
0x62 0x02 0xAA 0x00-0x03  0x0OE-0x11 free samples

remaining
0x62 0x02 0xAA 0x0A 0x18 arm retracted
0x62 0x02 OxAA 0x0B 0x19 arm extanded
0x62 0x02 0xAA 0x0C Ox1A sample taken
0x62 0x02 OxAA 0x0D 0x1B sample reset
0x62 0x02 OxAA 0x0E 0x1C sampler full
0x62 0x02 0xAA 0x0F 0x1D arm not extended

bad command

0x62 0x02 0xAA 0x10 0x1E .
recieved

Table 5.3: MCU replies

/""I- Water Sampler ROS Node -i\‘\ STM32 Software
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LOGIC
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neural network,...)

v PUBLISH
Replies PUBLISH UBSCRIBE
from the fwater_sampler/output
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fuav i fuav_r i
Ireceived_message

COMMAND
EXECUTED

COMMAND
RECIEVED
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PUBLISH:
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MRS_SERIAL SERIAL LINE: FOR COMMANDS INIT
T AND REPLYING
/‘
v

Figure 5.2: Software diagram
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Chapter 6

Evaluation

After the mechanical design finished, the PCB assembled, and the software
programmed, the water sampler was ready to be assessed. Firstly, the device
was thoroughly tested in a lab environment to verify that every part behaves
in the expected manner.

B 61 Lab testing

Firstly, a test was set up to verify that the MCU could correctly receive
messages from the ROS node. To verify that a command was decoded suc-
cessfully, a simple script was written to turn the LED on when MCU received
a message and off when it replied. The response was then echoed in a termi-
nal on the computer with the ROS node, verifying that communication was
successfully established.

Then we moved on to the servomotors, checking that the arm and the sorter
move to the desired positions. We found out that the servos on the arm
were moving too quickly, which could unnecessarily stress the UAV altitude
controller, so we decided to decrease their speed during initialization. Af-
ter verifying that everything worked as anticipated, we began to test the pump.

Because the water sampler does not contain any sensor for measuring
the sample volume, we decided to create a time-volume characteristic by taking
eight samples for each half a second spaced value, starting with 1.5 seconds
(which was the bare minimum for the water to flow through the whole system
and create a reasonably sized sample) and ending with 5.5 seconds, which was
enough to fill most of the cup. We used a granulated cylinder with a 250 ml
scale and 5ml divisions to measure the sample volume. The measured
quantities can be found in Table [6.1l
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Time [s]
1.5 2 25 3 35 4 45 5 5.5
25 40 60 80 105 125 145 165 185
25 40 60 80 100 125 145 165 185
25 40 60 80 105 125 145 165 185
20 35 55 70 95 120 140 160 180
25 40 60 80 105 125 145 165 185
25 40 60 80 105 125 145 165 185
25 40 60 80 105 125 145 165 185
20 35 55 75 100 115 140 160 175

Table 6.1: Measured sample volume (in ml)
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Figure 6.1: Water pump characteristics

During the test it was found out that the water pump delivered a consistent
sample volume, with every fourth being around 5ml to 10 ml smaller than
the others. This is because the outer right cup gets filled every fourth sample.
In this position, the tube is being bent extensively, decreasing the tubing size,
hence creating resistance for the water flow.

The last experiment concluded the lab testing and the water sampler was
ready to be mounted on a drone.
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6.2. Testing with a drone

B 6.2 Testing with a drone

Due to weather unsuitable for outdoor tests, the water sampler was tested in-
doors. After mounting the device on a drone, it was first verified that cabling
did not obstruct the movement of the socket mounted on the servomotor of
the sorter. A series of tests was run to confirm that the ROS node on the UAV
worked correctly and the MCU was receiving commands as expected. All the
parts moved correctly and would not hinder the flight of the drone. A few
samples were taken to assess the function of the pump.

il

(a) : Side view (b) : Top view

Figure 6.2: Drone with mounted sampler

Moving on, the water sampler was ready for a test flight. After a lift-off
the arm movements were tried out. During this test, it was found out that
even though the speed of servomotors was decreased during programming,
the arm still had a noticeable impact on the controller of the drone, so the
speed was further decreased afterwards. Finally, a test where a sample was
taken was conducted and experiment pass successfully. During the flight,
the samples were kept inside the cup without any leak. However, during the
lift-off, a bit of the outer samples were spilled by the air passing through the
starting propeller.

(a) : Arm retracted (b) : Arm extanded

Figure 6.3: In-flight arm test
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Figure 6.4: In-flight sampling

The water sampler functionality is going to be further tested outdoors
during a MRS camp dedicated to testing of UAVs in Temesvar, located on
the shore of the Orlik Reservoir.
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Chapter 7

Conclusion

In this thesis, a water sampling manipulator for a Tarot T650 drone was
developed. To conclude the thesis, a brief summary of the objectives and their
solutions is provided in this chapter, with a few future ideas and improvements
discussed at the end.

1. Design the mechanical solution.

The mechanical design of the presented water sampling manipulator
consists of two main parts: the arm, mounted at the front of the drone,
and the sorter, mounted at the back. Both are attached to the battery
holder of the drone. The arm is comprised of two rotary joints, allowing
the device to be retractable, which permits the drone to access smaller
spaces and increases safety during flights. It holds a submersible water
pump, which pumps the water along the arm and battery holder to the
sorter. The sorter consists of four cup holders for 200 ml plastic cups,
allowing the drone to take up to four samples per flight. A servomotor
in the middle directs the water flow to one of those cups. The design
of the manipulator was influenced by a water sampler created by Ore et
al. [I1].

2. Design the electronic control unit.

a. Select appropriate parts for constructing the water sam-
pler.

b. Design a suitable electrical circuitry for the control.

c. Use a STM32 family microcontroller to control the device
and communicate with the onboard computer.

For the electronic part, a custom PCB was created. Its main part
is the MCU, which is responsible for controlling the whole device.
The STM32F042K6T6 was selected, an entry-level microcontroller de-
veloped by STMicroelectronics, which supports the USB 2.0 protocol
necessary for establishing communication with the UAV’s central com-
puter. To power the three servomotors and the water pump, a powerful
enough step-down regulator from battery voltage to 12V was needed.
For this purpose, the LMZM33606 buck converter was selected. A 5V
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to 3.3V linear regulator was used, responsible for powering the MCU.
The board also contains various other connectors to properly interface
the servomotors and the submersible water pump.

3. Implement a program for the onboard computer of the UAV
to control the microcontroller via USB. This program must be
implemented using ROS for use with the MRS Group system.

To control the water sampling manipulator from a UAV’s central com-
puter, a ROS node was programmed, which subscribes and publishes
to a custom topic. This allows the water sampler to be easily controlled
by any external logic, e.g. a neural network, with only requirement con-
stisted in publishing the correct commands to the /water_sampler/input
topic. Those are then modified by the water sampler node and sent
over the serial line using the mrs_serial node by publishing to its topic.

4. Test the functionality of the device.

After assembling the manipulator, a series of tests in a lab environment
was run before mounting the device on the drone. First, the USB com-
munication between the central computer and the ROS node was tried.
With MCU successfully responding to commands sent by ROS, the move-
ment of all servomotors was checked. Furthermore, the submersible
water pump was tested to accurately set the time needed for the sample
to reach the desired volume. Finally, the water sampler was mounted
on a Tarot 650 drone and test samples were taken in-flight.

. 7.1 Future work and improvement ideas

Currently, the water sampler does not possess any sensor measuring whether
or not the water pump is fully submerged. The system depends on the sensors
of the UAV, which could result in permanent damage to the pump in case
of failure.

Adding a cover over the cups could also be beneficial to avoid spillage

of water samples from the cups and also allowing the UAV to take larger
samples.
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Appendix A

Attachments

Files provided on a CD:

water_sampler
hardware
tpcb - PCB project files
model - STEP 3D model file
software

ros
tlaunch - Launch file for mrs_serial
package - Water sampler ROS Node and Keyboard Test Node

package
stm32 - Water sampler STM32CUBEIDE Project
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