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Abstract:

The general purpose of this report is
to document the design and imple-
mentation of a track-and-follow sys-
tem on a drone with a Cube Or-
ange+ flight controller. The core func-
tionality involves obtaining GNSS sig-
nals from an external module and
ESP32 transmitting them to the flight
controller guiding the drone toward
the obtained location. = The drone
is equipped with an onboard ESP32,
handling incoming messages from the
external ESP32 and parsing the data
via MAVLink protocol to the flight
controller.

The report delves into topics such
as NMEA communication protocols,
ArduPilot open-source coding, and
implementation of test results in sim-
ulation, before evaluating the system’s
performance.

The content of this report is freely available, but publication (with reference) may only be pursued due to

agreement with the author.
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Abbreviations

Abbreviations

Original word or meaning

UAS
GNSS
NMEA
MCU
IoT
VLOS
FER
CEP
GCS

Unmanned Aerial System

Global Navigation Satellite System
National Marine Electronics Association
Microcontroller Unit

Internet of Things

Visual Line of Sight

Frame Error Rate

Circular Error Probability

Ground Control Station



Contents

[Preface]

1 Introduction to Track-and-follow

1.1 Conceptl. .. ............. ... ...

1.3 Projectscopel . .................

Track-and-follow analysis|

2.1 Autonom rack-and-followl ... .. ..
2.2 Rules and regulations| . . . ... .......
2.3 Wireless object-tracking|. . . . ... .. ...
2.4 Methods for transceiving location data| . .

3 Probl i

Proposed solution|

System frame|

5.1 Available hardwarel ... ... ... .....
2  ArduPilot firmwarel . .. ... ... ... ..

Requirements|

6.1 Functional requirements| . . . .. ... ...

6.2 Technical rec_:luirements ............
6.3 Test specifications] . . .............

7

Preparation for system design|

7.1 1ssion Planner - Groun ntrol 10N
|72 Preparation of the Cube Orange+ . .. ..

ii

10

12
12
16

21
22
23
24



[8  System design| 31

8.1 Moduledesign| . .. ........... ... .. . ... . 31
(8.2 Firmwaredesign| . . ... ....... ... ... ... . ... ... 44
[9  Full system integration | 59
9.1 Firmware integration|. . .. ... ............. .. ... .. ... 59
0.2 Allocated tasktime| . . ................. ... ... ..... 60
[9.3 Systemfrequency . ... ... ... .. .. ... 61
9.4 Hardware integration|. . . . . ... ........ ... ... ... ... 62
(10 System tests 68
10.1 Uni - Position module| . . . .......... . ... . L 68
(10.2 Veri cation test - Transmission range and FER| . . . . . . ... ... .. 71
10.3 Validation test - Drone following locationdata | . . . ... ....... 73
10.4 Validation test - Storing data inthe Cube| . . . . ... ... ....... 74
(11 Evaluation| 76
(11.1 Systemcompliance . ................ ... .. ... ... ... 76
1.2 DISCUSSION . . . . . o o ot 77
11. NCIUSION . . . . . . 81
Bibliography 82
A Test journals 86



Preface

This Project was developed in the period between the 1st of September 2023 and
the 4th of January 2024, by 7th-semester group 711, Bachelor of Engineering in
Electronics, at Aalborg University which provided a guidance counselor.

Project group 711 would like to extend a big thank you to our guidance counselor
Anders la Cour-Harbo for his guidance throughout this project.

The report was written with the anticipation that the reader has a basic under-
standing of electronics. For units and symbols the standard ISO 80000 is used.
The bibliography and citation follow the IEEE style.

When describing code throughout the report, class names are highlighted with
bold font while methods and variables are highlighted with  typewriter font

Aalborg University, 4th of January 2024

Anders Munch Riisgaard Victor Trytek Lemonnier
ariisg20@student.aau.dk vlemon20@student.aau.dk

Nikolaj Juel Andersen
njan20@student.aau.dk



Introduction to Track-and-follow

1.1 Concept

The general purpose of track-and-follow is, as the name implies, to select an ob-
ject or person and follow its movements or position. An example of this is a
follow-spot on a stage where the light is operated manually to highlight the main
event. Generally what de nes the expression track-and-follow is that something
replicates the movement or path of a particular entity. This does not necessarily
have to be done automatically. However, doing so, makes it more convenient in a
lot of cases.

Track-and-follow technologies have revolutionized various industries, particu-
larly the Im industry and search and rescue operations. These technologies
embrace a range of tools and techniques that enable the precise tracking and
monitoring of individuals, objects, or locations. In the Im industry, aerial pho-
tography utilizing Unmanned Aerial Systems (UASs) equipped with advanced
tracking systems is very common. UASs can follow subjects smoothly, capturing
dynamic and visually striking shots from various angles, enhancing the overall
cinematic experience [1].

Furthermore, thermal sensors play a role in search and rescue operations. Equipped
with thermal imaging cameras, these UASs can detect body heat and thermal
signatures, aiding in locating missing persons or individuals in challenging envi-
ronments [2, 3].

1.2 UAS - Drones

The rst pilotless vehicles were developed at the start of the 20th century in
Britain and the USA for military use. A small radio-controlled aircraft was tested



in 1917 in Britain and the USA in 1918. The term 'drone' was introduced around

1935, when the British developed UASSs as targets for training [4]. In recent years
the development of drones has exploded as their applications now range from

recreational use to warfare.

Drones are aircraft that operate without a human pilot onboard. They can be
remotely controlled or can y autonomously through software-controlled ight
plans. Drones come in many different sizes, ranging from small to large, and are
equipped with different equipment, such as cameras, sensors, or other payloads.
Drone technology has evolved rapidly over the years, becoming more versatile
and accessible. Their applications can be found in elds such as photography,
videography, agriculture, search and rescue, surveillance, and more [5].

The advancement of UAS technology necessitates corresponding regulations. In
Denmark, drone legislation is governed by both common European rules and
national regulations. The EU Drone Regulation has been in effect in Denmark
since December 31, 2020. Notably, professional drone pilots are allowed to y
in populated areas, as long as they possess a drone pilot license. Drone owners
with drones weighing more than 250 grams or ying faster than 50 km/h need

to register with the Danish Transport, Construction, and Housing Authority [6].
Furthermore, pilots may not y their drones too close to military areas, helipads,
police stations, and public airports [7].

1.2.1 Autopilot

UASs can be piloted by remote control via radio or they can be controlled au-
tonomously. The traditional way of controlling the movement of UASs (radio)
gives the pilot full responsibility for the UAS. This comes with a risk of the pilot
crashing or damaging the UAS. Further, the pilot needs to always be controlling
the UAS manually and can thereby never take his attention away from the ight.
Autopilot makes it possible to plan a route for the UAS to y autonomously,
which in turn makes it much easier for the pilot and expands on the capabilities
and tasks the UAS can take on.

Autopilots in UASs can either be fully or semi-automatic. Semi-auto-piloted
UASSs have a variety of safety con gurations that ensure that the UAS does not
crash or y into unauthorized air spaces as well as helping to stabilize the ight
[8]. Fully-auto-piloted UASs can be preplanned to y routes independently of
a pilot. This also makes it possible for a single pilot to control many UASs si-



multaneously [8]. For fully-auto-piloted UASSs, several open-source commercial
autopilot systems exist, like PX4, and ArduPilot.

1.3 Project scope

For this project, a Cube Orange+ ight controller was made available. Therefore,
the goal of this project is to gather knowledge about the Cube Orange+ and its
environment. It is chosen to center a problem-based project around the Cube
Orange+. For this project, it is decided to mount the Cube Orange+ to a UAS,
speci cally a quadcopter drone, and make it track, and follow another moving
object. By doing so, an external system can interface with the Cube Orange+ and
integrate the system data into the rmware, thus obtaining knowledge about the
rmware and the Cube Orange+ itself.

1.3.1 Cube Orange+ as ight controller

The Cube Orange+ is an advanced autopilot utilized for UASs. It is a versa-
tile, open-source, and customizable ight controller that provides a platform for
controlling different aspects of a drone's ight. This includes navigation, stabi-
lization, communication, and more [9].

Being open-source means that the software's source code is freely available and
editable. This allows developers and enthusiasts to modify and tailor the au-
topilot to speci ¢ needs and preferences. This ensures a robust community and
support ecosystem. All users can provide assistance, share insights, and con-
tribute to the improvement of the ight controller.

The Cube Orange+ uses GNSS data and other sensors to guide the drone, ensur-
ing it follows the desired route accurately. As well as using gyros and accelerom-
eters to maintain stability. Furthermore, it transmits important ight data, such

as altitude, speed, and battery status, allowing real-time monitoring of the UAS's
performance. All these features are advantageous for tasks such as; mapping,
surveying, monitoring large areas, and capturing steady and clear photos and
videos [9].



Track-and-follow analysis

In this chapter, track-and-follow modes are further investigated, as well as rules
and regulations about UASs as they are necessary to obey. To achieve the de-
sired functionality of a track-and-follow solution using the Cube Orange+, it is
necessary to have a module that receives data containing the whereabouts of the
objects being tracked relative to the drone. This is followed by an analysis of the
rm- and hardware used with the Cube Orange+.

2.1 Autonomous track-and-follow

Traditionally drones have been controlled manually by radio, but in recent years
track-and-follow or FollowMe mode has advanced [8]. Automatic track-and-
follow technologies are systems that enable real-time monitoring and tracking
of objects. These technologies function through hardware and software compo-
nents that collaborate to provide location data for tracked objects. Manufacturers
have made technologies that can handle track-and-follow, on the devices they
sell. Track-and-follow modes are referred to, using various names such as; "Mo-
tion tracking”, "FollowMe" and "ActiveTrack" [10]. What differentiates followMe
from fully-auto-piloted mode is that the route is generated at runtime rather than
being pre-planned.

To do this, different specialized tags or sensors can be used on objects to emit sig-
nals. These can be in the form of QR codes, barcodes, RFID tags, GNSS modules,
and loT-enabled devices. Once tagged, these objects continuously transmit data
to a centralized system or a cloud-based platform. The data may include informa-
tion like location, temperature, humidity, motion, and other relevant parameters,
depending on the purpose of tracking.



2.1.1 Existing solutions

DJl is a widely known Chinese technology company that specializes in manu-
facturing various drones. DJI has developed both "Follow-me" and "ActiveTrack™
for some of the drones they offer. The following will revolve mainly around DJIs
follow-me and ActiveTrack features.

ActiveTrack on a DJI drone enables the user to have the drone act in accordance
with the movement of the user. This can be handy if one wants photography
while performing activities like skiing, running, or biking [10]. ActiveTrack uti-
lizes the mounted camera to lock onto an object and thereby, track it. The interface
for ActiveTrack allows the pilot to mark objects that it must follow. As a built-in
functionality for ActiveTrack, it utilizes sensors and actuators to avoid any obsta-
cles when ying. Besides ActiveTrack, DJI also provides its Follow-me feature.
The Follow-me feature relies solely on the GNSS signal from the controller of the
drone. Following an object's coordinates and keeping a set distance from that,
implies that the object does not have to be in the frame at all times. However,
when relying on communication between a device and the drone itself the drone
can lose signal. In the event of this, the drone will hover in the air until a stable
connection can be re-established [11]. The distance from the drone to the pilot in
both ActiveTrack and Follow-me mode is customizable but in follow-me mode, a
5-10 meter distance together with at least 3 meters altitude seems to give the best
results [12].

2.2 Rules and regulations

When ying with UASs, there are strict regulations to follow to be able to y
legally. These rules and regulations depend on multiple parameters, such as
size and weight. Furthermore, commercially produced drones are required to
be marked with a C-marking classi cation from 2024 [13]. This C-marking se-
cures that that drone satis es necessary requirements, and divides the drones
into weight categories. According to which C-marking the drone has, the oper-
ator is obliged to have a certain license/certi cate to y the type of drone. The
table of C-markings/certi cated based on weight can be seen in Table 2.1.



C-marking Weight Certi cate

Co 0-249¢ No certi cate required

C1 2509 - 8999 Al theoretical

C2 90049 - 4kg A2 competence
C3&C4 4Kkg - 25kg A3 theoretical

Table 2.1: C-Marking indicates the weight of a commercial drone [13].

Drones that are not marked with a C-certi cation are called "legacy" drones.
When piloting a legacy drone, the operator still needs a certi cate, but the weight-
to-certi cate is differently distributed. This is shown in Table 2.2.

Legacy drone

Weight Certi cate

0-249¢ No certi cate required
2509 -499¢ Al theoretical
5009 - 2kg A2 competence
2kg - 25kg A3 theoretical

Table 2.2: Legacy drone table [13].

These different categories of certi cates point to a slightly different set of rules.
The difference in these rules mainly focuses on the over ight of people, horizon-
tal safety distances, and the pilot following VLOS (Visual Line of Sight) opera-

tion [14]. Some of the important takes from the "EU UAS regulation" are listed
below:

» The UAS must not exceed an altitude of 120 meters above ground level [14].

* The UAS needs to maintain at least a 50-meter safety radius to non-involved
people, but the horizontal distance to the non-involved people may never
be less than the vertical distance off the ground. However, this can vary

depending on the certi cate/C-marking of the UAS but is still used as a
guideline [14].

* In track-and-follow mode, a maximum follow distance of 50 meters is al-
lowed. This means that the UAS may never be more than 50 meters away
from the pilot/object that it is following. Although there is no minimum
distance to the person involved by regulation, it is still practiced to not y
closer horizontally than the vertical altitude of the UAS [14].



* If the UAS exceeds 50 meters from the pilot/object that it is following, it
must stop its actions and hover in place. If this is the case resuming ight
is strictly prohibited, and the UAS must be restarted in able to reengage the
track-and-follow system. Lastly, the pilot must always be able to retake con-
trol over the UAS at any point during the track-and-follow operation [15].

2.3 Wireless object-tracking

Examining the track-and-follow solutions in the products developed by DJI for
their drones, they have a solution that utilizes advanced image technology, while
their other solution consists solely of communication and exchange of GNSS co-
ordinates.

GNSS modules are individual modules that can receive GNSS signals directly
from satellites. A GNSS signal consists of longitude, latitude, and altitude data
among other things [16]. This allows for monitoring the position of the object

which can then be compared with the drone's position.

Image recognition is another method that could be used for a track-and-follow
system. This method utilizes computers to track objects in photos or videos. It
uses Al and machine learning to process the visual data. Although this method
is ubiquitous it is very complex as it uses deep learning algorithms that take in-
spiration from our biological nervous system to form an intricate network of data
and learning capacities [17].

In addition to determining the object by using image recognition, are thermal
cameras. Using thermography is advantageous since it is independent of light-
ing. This means that object tracking can be done at any time of the day given that
the object has a different temperature than the environment. For this speci c rea-
son, it is more aimed at tracking humans and animals as their body temperature
would stand out signi cantly [3].

2.4 Methods for transceiving location data

Relying solely on GNSS positioning, a connection between a GNSS module and
the drone must be established. The drone needs a receiver to capture the GNSS
data transmitted wirelessly.



One approach involves an onboard microcontroller unit (MCU) with an antenna
mounted on the drone. The MCU would act as an intermediary, receiving the
data and relaying it through an interface to the drone's Cube Orange+ for the
data to be handled. The Cube Orange+ has certain limitations when it comes
to communication methods. As a standard, the Cube Orange+ supports UART,
CAN, and 12C [9].

Another approach is making a connection between the GNSS module and the

drone through the Cube Orange+ directly. The Cube Orange+ can connect to a

PC through USB cables, Telemetry Radios, Bluetooth, and IP connections [18].
Therefore, a GNSS module connected to an MCU should be able to connect to the
Cube Orange+ with, for instance, Bluetooth.

2.4.1 Additional module on the drone frame

Whichever system is chosen as the track-and-follow solution, the dimensions,
weight, and placement of the system have to be taken into consideration. Adding
weight to the drone might change the center of balance and add complexity to
ying, which then requires a correction for possible balance offsets. Luckily the

Cube Orange+ acts as a ight controller and acts as a feedback loop controller
to make sure the drone can stably hover in the air even with an off-center bal-
ance [19].

If such a system is mounted on the drone it will have to draw its power from
the drone batteries as well. This will require some sort of interface between the
batteries and the system to ensure the correct voltage is met for the system to run
operationally.



Problem de nition

From the problem analysis above, a problem de nition is developed to form the
frame and direction of this project. The problem de nition states:

How can a track-and-follow system using GNSS data be developed and inte-
grated into an already existing Cube Orange+ autopilot drone system, such
that knowledge and familiarity of the Cube Orange+ are obtained?



Proposed solution

This chapter's objective is to describe a solution for the track-and-follow system,
which can then serve as a basis for establishing its requirements. The following
is a proposed solution to solve the problem de nition 3.

The functional diagram of the proposed solution is shown in Figure 4.1.

Figure 4.1: Functional diagram of the proposed solution.

In this proposed solution, a person is equipped with a GNSS (Global Naviga-
tion Satellite System) module, which receives information about its location from

satellites and transmits it to another module mounted on a drone. The module

then transmits the data further to the drone. The drone, in response, uses this
data to follow the person, maintaining a xed distance.

GNSS technology for tracking is chosen on the basis that image recognition is out
of the scope of this project. Thermography is limited to humans, animals, and
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other heated objects and is therefore neglected. Further, GNSS does not require
the drone to have a camera mounted and enables any objects that have a GNSS
module mounted to be followed. This is a signi cant advantage, as the drone's
performance remains unaffected by its surroundings and environment.

Ideally, the communication between Cube Orange+ and the user-held GNSS mod-
ule should be direct and wireless. However, the option of changing the module

placed on the drone is favorable in case the communication range is not suf -
cient. Also having an extra link enables easier debugging and troubleshooting,
especially since the project's time frame is limited.

This approach facilitates a real-time, reliable track-and-follow system where a
drone autonomously follows a person, allowing for various applications, such as
aerial photography, surveillance, or search and rescue operations.

11



System frame

This chapter states the physical limits of the system frame with the received
hardware for this project. Due to the scope of the project, the system is to be
framed around the Cube Orange+, which is well suited for the speci c open-

source rmware called ArduPilot. Furthermore, necessary hardware has been
made available by Aalborg University to explore the project de nition.

5.1 Available hardware

In this section, the given hardware is described as it may limit system require-
ments. The hardware made available from the University is the following:

* Cube Orange+

Drone kit

Battery pack

GNSS module

Telemetry radio set

RC controller

RC receiver

Spare parts for the drone kit

12



Cube Orange+

The Cube Orange+, introduced in section 1.3.1, operates within an open-source
environment. ArduPilot, the open-source rmware, provides a exible and cus-
tomizable codebase that can be speci ed to the speci c objective of this project.
The rmware provides compatibility with many types of vehicles including rovers,
planes, submarines, and drones, which makes it a universal autopilot module.

In terms of hardware, The Cube Orange+ is equipped with a H7 processor and
has a Cortex M7 with double-precision (DP) FPU, 400MHz CPU, a Cortex M4
running at 200 MHz, 2 MB of Flash, and 1 MB RAM [20]. It has Advanced Auto
avoidance features with the help of a 1090 MHz customized ADS-B receiver from
uAvionix, that receives attitude and location data of commercial manned aircraft
[20]. Moreover, it has customized carrier boards that can be optimized for speci ¢
applications [20].

The carrier board facilitates the organization of all the relevant I/O components,
connecting them to their respective ports and sockets. This design ensures a sim-
ple process for assembling, disassembling, and servicing the drone without the
need for soldering [21].

As mentioned in section 1.3.1 the Cube utilizes multiple communication meth-
ods. The carrier board facilitates the utilization of these communication methods.
Table 5.1 provides an overview of the UART ports on the carrier board, outlining

the default systems they control. These can be modi ed to be used for different
systems through a ground control station. This feature enables the customization
of UART ports; for instance, the TELEML1 port, as well as many other ports, offers
versatility by accommodating up to 32 different protocols.

Serial Port Mapping TELEM1, TELEM2 ports
UART Device Port Pin Signal Volt
USART2 | /dev/ttySO | TELEM1 ( ow control) 1 (red) | VCC +5V
USARTS3 | /dev/ttyS1 | TELEMZ2 ( ow control) 2 (blk) | TX (OUT) | +3.3V
UART4 | /dev/ttyS2 | GPS1 3 (blk) | RX (IN) +3.3V
USARTG6 | /dev/ttyS3 | PX410 4 (blk) | CTS (IN) +3.3V
UART7 | /devittyS4 | CONSOLE/ADSB-IN 5 (blk) | RTS (OUT) | +3.3V
UART8 | /devittyS5 | GPS2 6 (blk) | GND GND

Table 5.1: Serial- and Telem ports on the Cube Orange+ carrier board.
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Drone kit

The available drone kit is a Holybro X500 V2 ARF quadcopter kit, with a lightweight
carbon frame and four 2216-920KW brushless DC motors [22]. In addition to the
main top and bottom plate of the drone structure, a platform board, with the di-
mensions 93 mm x 65 mm, on the back of the drone is added for the GNSS module
to be mounted. The assembly instructions of the drone kit, suggest that a micro-
controller can be mounted on the bottom of this platform board. The weight
of the drone kit is 610g. The drone structure with some added components is
illustrated in Figure 5.1.

Figure 5.1: Holy Bro X500 V2 ARF kit assembled where the platform board is on the right side of
the body.

Battery pack

The drone is powered by a 14.8 V 4-cell high discharge Li-Po battery pack which
is mounted underneath the body of the drone. This battery has a capacity of
3300 mAh and weighs 359 g including wire, plug, and case.

14



GNSS module

The GNSS module Holybro MON GPS 6Pin - 2nd GPS , is a second-generation
GNSS module that supports multiple satellite connections such as GPS, GLONASS,
Galileo, and BeiDou to ensure better connectivity due to more available satellites.

It features a 6-pin interface, with serial and 12C connections, that allows for easy
implementation and compatibility with most ight controllers including the Cube
Orange+ [23].

Telemetry radio set

The Telemetry set TELEMETRY RADIO SET V3 433MHZ ', including two ra-
dio modules and some USB cables, can be used to connect the ight controller
on the drone to a Ground Control Station (GCS) through radio communication.
This allows for GCS software to control the drone with a predetermined mis-
sion [24]. The radio modules are equipped with both USB-A and JST-GH plugs
which makes it easy to connect to either a PC or a ight controller as The Cube
Orange+. Furthermore, it has automatic detection of rmware like ArduPilot,
which makes for a seamless startup [24].

RC controller

The RadioMaster TX16S Mark Il is a transmitter de-
signed with a 4-in-1 multiprotocol or ELRS FR sys-
tem and open source rmware as OpenTX and Ed-
geTX [25]. Connecting a RadioMaster receiver to
the ight controller allows for manual control of the
drone when the TX16S is calibrated. It has support
for telemetry data transmission and Hall sensors for
the joysticks, which ensure contactless position sens-

ing of cross controllers [25]. Figure 5-2; [R*’]ﬂldiOMaStef
TX16S Mark Il [25].
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RC receiver

The receiver given is a RadioMaster RP1 Ex-
pressLRS Nano Receiver V2 (2.4GHz) running

ExpressLRS (ELRS) as the controller mentioned
above [26]. This makes binding them an easy
process and the high-refresh-rate RF module is

Figure 5.3: RadioMaster RP1 5154 gyjtable for long-range.

ExpressLRS Nano Receiver V2
(2.4GHz) [26].

5.2 ArduPilot rmware

As ArduPilot is an open-source rmware compatible with all the Pixhawk/Cube
series, it can be used to run any vehicle compatible with the Cube series. In this
case, the Orange Cube+ is mounted on a drone, and the ArduCopter directory is
the vehicle-speci ¢ software used in this project.

Apart from the vehicle-speci c software, ArduPilot also has shared libraries with
functions compatible with multiple vehicle types. This is convenient for the
vehicle-speci ¢ software code to remain as short and structured as possible.

Lastly, ArduPilot has a Hardware Abstraction Layer (HAL) that acts as an inter-
face between the many compatible hardware solutions and the ArduPilot soft-
ware. This architecture is shown in Figure 5.4.

16
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Figure 5.4: The simpli ed architecture of the ArduPilot Firmware.

Since most of the relevant software for this project is in the vehicle-speci c Ar-
duCopter code, only ArduPilot functionality relevant to this project will be inves-
tigated further.

Since the entire ArduPilot is open-source, a sense of better structure is sometimes
wanted. Dealing with only the ArduCopter code there are a lot of les, and
not all les are important for everything. One of the most important ones is the
Copter.cpp le which acts as a main.cpp le. It consists of the main Copter class
and uses the AP_Schedulerlibrary to schedule all the different tasks running the
Copter ight controller.

Copter.cpp

The rst thing in  Copter.cpp is the scheduler table, which utilizes two different
functions to schedule various tasks. An example of the scheduler table is shown
in Listing 1.

const AP_Scheduler:: Task Copter::scheduler_tasks[] = {
FAST_TASK(run_rate_controller),

SCHED _TASK(rc_loop, 250, 130, 3),
SCHED_TASK(throttle_loop , 50, 75, 6),
}

Listing 1: A few selected tasks listed in the scheduler table of Copter.cpp to demonstrate the
scheduler list [27].

17
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As seen in Listing 1 there are two different functions called in the scheduler table.
The rstis FAST_TASK(shown in line 3. The other task displayed in lines 5-

6 is the SCHED_TASK()This function takes more inputs than the FAST_TASK()
function, as seen in Listing 2.

#define SCHED TASK(func, _interval ticks, _max_time_micros, _prio)

Listing 2: De nition of SCHED_TASK .

Here _interval_ticks  sets how often the task should run and _max_time_micros
de nes how much time should be allocated at maximum to the task in microsec-
onds and _prio de nes what priority the task should have. It is important to note
that all priorities must be unique. The functions SCHED_TASKghd FAST_TASK()
are de ned from macros in the AP_Schedulerlibrary.

After the scheduler table, the functions that are members of the Copter class
are de ned, one of them being potentially relevant is the set target_location
demonstrated in Listing 3. Where an instance of the Location class is used to set
the destination, when in guided mode.

bool Copter::set_target location(const Location& target loc){
/l exit if vehicle is not in Guided mode or Auto Guided mode
if (!flightmode >in_guided_mode ()) {
return false;

}

return mode_guided. set_destination (target_loc);

Listing 3: One of the functions de ned in the Copter.cpp le that inherit the Copter class [27].

After all the functions are declared the last thing happening in Copter.cpp is
the HAL callback, which tells the HAL what vehicle the ight controller has to
control. This is shown in Listing 4.

Copter copter;
AP_Vehicle& vehicle = copter;
AP_HAL MAIN_CALLBACKS(&copter) ;

Listing 4: One of the functions de ned in the Copter.cpp le that inherit the Copter class [27].
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AP_Scheduler

As mentioned above, the two different scheduler tasks in Copter.cpp are de ned
using the macros from the AP_Schedulerlibrary, where the class name and the
address of the class are inputs too. The two functions are de ned as macros and
one is shown in Listing 5.

#define SCHED TASK CLASS(classname, classptr, func, _rate_hz,
_max_time_micros, _priority)

Listing 5: De nition of SCHED_TASK_CLASS

The difference between the two macros that de ne the scheduler tasks, is that
the FAST_TASK_CLASSs the parameters.rate_hz and .max_time_micros to O,
and also tells the scheduler to execute them as fast as possible with the highest
priority.

Location.cpp

Since location data is used throughout the system, and the Location class is used
to set the destination in Listing 3, it makes sense to look into the class. An in-
stance of this class represents a geographical location with latitude, longitude,
and altitude, as well as methods for various location-related calculations and op-
erations. The latitude, longitude, and altitude are represented as 32-bit integers.
This is seen in Listing 6.

class Location{
public:

int32_t alt;
int32_t lat;
int32_t Ing;

Listing 6: Coordinate de nitions in the Location class.

Even though the variables are saved as 32-bit integers, the values are supposed
to be decimal degrees. To justify the decimal degrees as integers the values are
scaled with a factor of 107 or 10 7. This gives a maximum resolution of 7 decimals
of the decimal degree, which translates to a resolution of approximately 11,1 mm
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at equator [28]. This scaling is documented in the Location header le as private
variables and is shown in Listing 7.

private :

/I scaling factor from le 7 degrees to meters at the equator

/I == 1.0e 7 + DEG TO RAD * RADIUS OF EARTH

static constexpr float LOCATION_SCALING_FACTOR = LATLON TO_M;

/Il inverse of LOCATION_SCALING_FACTOR

static constexpr float LOCATION_SCALING FACTOR_INV = LATLON_TO M INV

|

Listing 7: Scaling factors in the Location class.

The class also offers versatile functions for distance and bearing calculations, al-
titude frame conversions, and vector manipulations. Some functions can sanity-
check the location data to ensure the right format is used. This class seems to be
useful for storing and implementing Location data.
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Requirements

This chapter describes the essential requirements for the track-and-follow sys-
tem, aiming to provide a comprehensive understanding of its functionality and
establish a structured framework for product development. The requirements are
crucial in de ning the system's expected capabilities. The requirements are di-
vided into functional and technical requirements respectively.

To de ne the modules illustrated in the proposed solution in Figure 4.1, the per-
son with the device transceiving GNSS signal is now de ned as the Position
module (Pos). The drone's receiving end is de ned as the Link module ( Link),
linking the signal from the Position module to the drone. The ight controller

is de ned as the Cube module ( Cube). The requirements for the communication
between the Position and Link module are de ned as Com.

The requirements are divided into tables with their ID, which module they re-
gard, a description of the requirement, and their traceability in the report.
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6.1 Functional requirements

Functional requirements encompass all aspects of a system's functionality, and
they are non-technical and not directly testable.

Functional requirements |

ID | Module | Description Traceability

1.1 Link Needs to be able to receive and save data. Section 2.

1.2| Link Needs to be able to send data through the inter- | Section 2.4
face to the Cube Orange+.

1.3] Link Needs to be able to decode the received pack-| Chapter 4
ages.

1.4| Link Needs to be able to format the data appropri- | Chapter 4
ately for the Cube Orange+ to handle it.

1.5| Cube Needs to be able to send the decoded data to| Chapter 4
the appropriate place in the ArduCopter code.

1.6| Cube Needs to be able to calculate the desired desti- | Chapter 4
nation of the drone.

1.7| Cube/

Link Must be powered by the drone on which it is | Section 2.4.1

mounted.

1.8| Pos Needs to be able to transceive GNSS data wire-| Section 2.4
lessly.

1.9| Pos Needs to be appropriately sized to be carried in | Chapter 4
hand.

Table 6.1: Functional requirements for the system.
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6.2 Technical requirements

The technical requirements encompass all speci cations related to the system's
underlying technology and infrastructure. These are speci ¢ and can be tested
for compliance.

Technical requirements |

ID | Module | Description Traceability

2.1] Link The microcontroller needs to output a signal of | Section 2.4.
the type; Serial, CAN or 12C.

2.2| Link Needs to be able to receive data wirelessly with | Section 2.2
a minimum distance of 50m.

2.3| Link Needs to weigh a maximum of 1031 g. Table 2.2

2.4 Link The maximum allowed dimensions is 93 mm x | Section 5.1
65 mm x 1500 mm.

2.5| Pos Needs to be able to transmit data wirelessly | Section 2.2

with a minimum distance of 50 m.
2.6/ Com Data transmission between Pos and Link with a | Section 9.2
maximum of 1-second intervals.
2.7| Cube The drone needs to maintain a distance of 7.5| Section 2.1.1
meters to the object it is following with a margin

of 2.5m.
2.8| Pos Receive data with a horizontal position accuracy | Requirement
of maximum 2.5 m. 2.7

2.9/ Com The data transmission between the Pos and the | Section 9
drone needs to have a maximum FER of 1%.

Table 6.2: Technical requirements for the system.
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6.3 Test speci cations

To validate both the requirements and the proposed solution, a variety of tests
are speci ed. There are three different ways of testing the solution. First, we have
the Unit test, where one speci c unit of the system is tested independently from
the system. Secondly, a veri cation test is where the full system, or a part of the
system is tested to see if it ful lls the requirements. Lastly, there are validation
tests, which validate if the solution solves the problem stated in the problem
de nition regardless if it passes the requirements or not. Here at least one of
each test is speci ed.

6.3.1 Unit test

Position module unit test

. Receive data with a horizontal position accuracy @ Test:
Requirement )
of maximum 2.5 m. Al

The purpose of this test is to validate the horizontal posi-
Purpose tion accuracy for the speci c GNSS submodule used in the
Position module.

The success criteria of this test is that 50% of the coordinates

SUEEESS Sl ElEl are within 2.5 meters of each other.
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6.3.2 \eri cation test

Transmission range veri cation test

The data transmission between the Pos and the | Test:
drone needs to have a maximum FER of 1%. A.2

Requirements

Needs to be able to receive data wirelessly with = Test:
a minimum distance of 50 m. A.2

Purpose

The purpose of this test is to measure the Frame Error Rate
(FER) of the communication between the Position module
and the Link module. This is done at 50 meters to also
test the maximum data transmission range of the technical
requirement 2.9.

Success criteria

The success criteria of this test is that the calculated FER
does not exceed 1%.

Speed of data transmission acceptance test

Requirement

Data transmission between Pos and Link with a
) . Ch: 10
maximum of 1-second intervals.

Purpose

The purpose of this test is to control and observe the data
ow of the position data between the Position module to
the Link module. This is done on the full system to see
if the Cube module receives the data at the given sending
rate.

Success criteria

The success criteria of this test is to send and receive
readable data continuously with no longer intervals of 1-
seconds.

25



Follow distance acceptance test

Requirement

The drone needs to maintain a distance of 7.5
meters to the object it is following with a margin Ch: 10

Purpose

of 2.5m.

The purpose of this test is to see if the full drone system is
able to maintain a 5-10 m distance to the position module.
To simplify the test it is converted to be a simulation of the
cube rmware, so no ight is needed.

Success criteria

The success criteria of this test is that the simulated position
of the drone can follow a person walking with the position
module with a distance to the module between 5-10 meters.

6.3.3 Validation test

In the validation test, the evaluation will focus solely on validating how the sys-
tem addresses the problem outlined in the Problem De nition, see Chapter 3,
excluding the speci ¢ requirements.

Problem de nition test

Hypothesis

Purpose

How can a track-and-follow system using GNSS d

be developed and integrated into an already e
ing Cube Orange+ autopilot drone system, such t
knowledge and familiarity of the Cube Orange+
obtained?

Test:
A.3&8&A.4

The purpose of this test is to validate if the entire system

lives up to the problem de nition. Can it solve the prob-
lem?

Success criteria

The success criteria of this test is that the system answers
the problem de nition by following an object i.e. the drone
follows the Position module without failure.
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Preparation for system design

This chapter will elaborate on what measures must be taken before the system is
ready to be manipulated further. As well as documentation on information about
the system based on experience.

7.1 Mission Planner - Ground Control Station

First, it is important to get accustomed to the ground control software - Mission
Planner - as this is where most con gurations of the Cube Orange+ take place.
Mission Planner is speci cally developed by the same contributors as ArduPilot,
making it the perfect use for Cube Orange+. From within Mission Planner, it
is possible to ash the latest rmware from the ArduPilot directory to whatever
UAS platform is selected and plugged in.

The purpose of Mission Planner is as its name suggests, to easily plan missions
for any autopilot ight controllers, such as the Cube Orange+.

7.2 Preparation of the Cube Orange+

Multiple steps are needed to prepare the Mission Planner setup before the drone
is fully operational. This section delves into which initial steps are needed for the

drone to be armable and different hacks to implement new code into the already
existing ArduCopter code base.

When in Mission Planner, parameters can be changed and written to the drone.
This has to be done with some specic parameters to communicate and con-
trol the drone. This is done under the "Con g/Full Parameter List" tab. Firstly,
"LOG_DISARMED" is set to 1 as this allows for all log messages to be readable
when the drone is disarmed. This helps in debugging the system. Next, the
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"RSSI_TYPE" parameter is set to "ReceiverProtocol” to allow the controller to con-
nect with the Cube Orange+ [29].

Once these steps are done, the compass needs to be calibrated. This is done by
having the Cube Orange+ connected to the PC, then in Mission Planner under
"Setup”, "Mandatory Hardware", and "Compass" start the calibration and follow
the instructions. It is important to disable excess compasses as they interfere with
each other and prevent arming. After this is done the drone should be able to
arm. Arming is done in the "Data" window, under the "Actions" tab where an
"Arm/Disarm" button is located.

For communication with the Cube Orange+, the TELEM1 port is used. There-
fore, the protocol is changed to MAVLink2 in Mission Planner. The pinout of the
TELEML1 port can be seen in table 5.1.

7.2.1 Manipulation of ArduPilot code

After successfully enabling the drone for arming, the next step for obtain-
ing additional functionality involves modifying the ArduPilot code. Firstly,
make a new source and header le in the ArduCopter folder, and call these
AP_custom_code.cppand .h respectively to adhere to the structure of the rest
of the code. The term "custom_code" functions as a stand-in or placeholder rep-
resenting the example at hand. This class should hold all the functions and vari-
ables needed to execute the wanted functionality.

Next, make a source le called custom_code.cpp with all lowercase. This
source le should use a function that acts as a task from the Copter header
le, where the function needs to be de ned. For example, the public func-
tion custom_code_init() is created in Copter.h. Further, an object of the
AP_custom_code class needs to be initialized in the Copter.h so that functions
from that class can be utilized in custom_code.cpp. To do this AP_custom_code.h
needs to be included in the Copter.h le as well as including Copter.h in
custom_code.cpp. Lastly, Il the custom_code_init() with the functionality of
the AP_custom_code class.

After this is done the custom_code_init() function can be incorporated in the
scheduler and thereby run with the rest of the program.

A simple illustration of this structure can be seen in gure 7.1.
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Figure 7.1: Simple illustration of the structure used in ArduCopter.

It is important to adhere to the already existing structure of any open source
code as many different developers are manipulating the same code. The normal
class naming convention for C and C++ is called PascalCase, this is a convention
where names start with an uppercase letter and capitalize the rst letter of each
subsequent joined word. In the context of ArduPilot, the main folders are named
using the PascalCase convention [30]. Whereas the classes within these folders
are named by the snake_case convention, where words are written in lowercase
and separated by underscores [30].

7.2.2 Incorporating custom code in ArduCopter's scheduler

To incorporate custom code in the scheduler, explained in Section 5.2, a function
needs to be called in either SCHED_TASKg) FAST_TASK()The rst input should
be the name of the task used in the custom_code.cpp le. From the example
before it would be custom_code_init() . Afterward, it is important to choose the
parameters _interval_ticks , _max_time_micros and _prio carefully.

To know how much extra time is available when the scheduler table is running,
the _max_time_micros and _interval_ticks are multiplied for each task and
added together, for context see the Copter.cpp le in repository [27]. This will
result in the amount of time available in each second in the worst-case scenario.
These calculations are shown in Equation 7.2.2.

29



Q "Hz pse 7250 130 50 75 ~50 200 "10 120
10 50 3+ "10 75 ~10 1000 “50 100
100 90 "3 75 90 50 100 "10 75
10 50 2+ "50 50~ "100 75 ~10 50-
"400 180 "400 550 400 50 "0.1 75
"100 75

401282.5u8

This leaves a margin of just below 600 000 microseconds of air each second, which
makes implementing custom tasks completely doable.

1 The added maximum allocated time of the base SCHED_TASKs excluding the FAST_TASKs and
the ones depending on parameters.
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System design

In this chapter, the overall design of the track-and-follow system is shaped. From
choosing the hardware to designing the software and rmware. It sheds light
on the thought process and decision-making involved in shaping the track-and-
follow system. The system is split up into different sub-systems. Hence, the
structure of this chapter is separated into modules. Firstly, the Position module
and the Link module are described under Module design. Then the rmware,
that is to be implemented on the Cube Orange+, is documented.

8.1 Module design

Before designing the modules, an overview of the system is shown in 8.1. The
gure is based on the modules de ned in Chapter 6.

Figure 8.1: A block diagram illustrating different modules and submodules of the track-and-
follow system, and how they are connected.
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The gure shows the Position module where the GNSS submodule gets the lo-
cation data and sends it through a wired connection to the MCU. The MCU

transmits this data wirelessly to the other MCU mounted on the drone. Lastly,

the MCU on the drone sends the location data to the Cube module where the
ight controller can use this data to follow the Position module.

8.1.1 Micro-controller

To establish a connection between the two modules, it is important to consider
which microcontroller to use. Some microcontroller modules have many ways of
communicating wirelessly while others have none.

For this project, the microcontroller ESP32 was made available for testing and use.
The MCU ESP32-WROOM-32 is a 32-bit dual-core microcontroller that allows for
both WiFi and Bluetooth communication as well as two sets of hardware serial

ports [31].

8.1.2 GNSS sub-module

The GNSS module provided for transmitting location data from the position mod-
ule to the drone is the GY-GPSV3-NEO-7M. It is equipped with the Ublox NEO-
7M chipset, offering precise GNSS positioning capabilities [32]. Below are a few
of its technical details:

« Horizontal position accuracy : 2.5 mCEP 0% 8.1.2

Update rate: Maximum 10 Hz

Communication Protocol: NMEA ( default ) / UBX Binary

Serial communication baud rate: 9600

Working temperature : -40 *C to 85%C

Operating voltage: 2,7V -5,0V
» Working Current: 35 mA

One of the important speci cations of this GNSS submodule is the horizontal
position accuracy that determines the accuracy of the data the drone has to follow.
If the incoming data from the submodule varies too much, there is potential for
the drone to wander around, and not follow the position module as planned.
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Even though the accuracy is high the precision cannot be too low either.

In terms of accuracy and precision, the difference can be described by mean and
variance. High accuracy is simply that the mean of all the samples is close to the
actual position, whereas high precision is the samples not varying too much from
the mean [33]. This is illustrated with Figure 8.2.

Figure 8.2: lllustration of the difference between precision and accuracy.

Circular error probability

The horizontal position accuracy of the GNSS submodule is speci ed in meters
but with the condition of Circular Error Probability (CEP). It refers to the radius

of the circle in which a percentage of the values occur [33]. In this case, the
CEP of the NEO-7M is written as CEP>9% which means that 50 % of the GNSS
measurements are certainly within a radius of 2.5m of the actual position. On
the other hand, the rest of the data could potentially be much further away. The
concept of CEP with different probability percentages is illustrated in Figure 8.3.
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Figure 8.3: A concept gure of CEP with 1000 data points generated with a spread of 0.001
following the normal distribution around the mean coordinate [57.00, 10.00].

Chipset capabilities:

The Ublox NEO-7M chipset integrated into the module expands its functional-
ity. It supports GLONASS and GPS/QZSS satellite constellations, broadening
the scope of satellite signals and enhancing positioning accuracy. The chipset fur-
ther offers compatibility with various communication interfaces, including UART,
USB, SPI, and DDC, providing exibility for integration into diverse systems [34].

Additionally, the chipset is equipped with an RTC crystal, enabling the transmis-
sion of real-time data [34].

Communication Protocol:

The GY-GPSV3-NEO-7M module supports multiple communication protocols,
primarily NMEA as default. This protocol plays a crucial role in determining

how the module communicates and shares data with other devices or systems.

NMEA, or the National Marine Electronics Association, has de ned a standard
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for the communication of marine and navigation data between devices. The most
commonly used version in the context of GNSS and navigation is NMEA 0183.

NMEA 0183 data is transmitted in the form of sentences, each beginning with
a dollar sign character ($), and is terminated by a carriage return and line feed
(frfn). Each sentence is a string of ASCII characters containing information such
as latitude, longitude, time, and more [35].

Different types of sentences are de ned for different data types. The types are
de ned as $GPGGA, $GPRMC, $GPGLL, $GPGSA, and $GPGSYV [35]. Figure 8.4
is an example of what a $GPGGA sentence contains.

Figure 8.4: The full GPGGA message containing time, location data, amount of satellites it is
connected to, and more. [35].

Software for reading location data

The code designed to read the GNSS location data on an ESP32 can be seen in the
GitHub repository [36] in the "Position Module" folder. The code is designed to
read and process location data from the NEO-7M module using the TinyGPS++
library, and then transmit the latitude, longitude, and altitude information to the

link module [37]. The owchart can be seen in Figure 8.5.
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Figure 8.5: Flowchart that describes the structure and functionality of the code running on the
ESP32 for Position module. The functionality is to read coordinates and transmit them.

TinyGPS++ is designed to work with GNSS modules that communicate using
the NMEA standard sentences. It parses incoming NMEA sentences from the
GNSS module and provides functions to extract specic pieces of information
such as latitude, longitude, altitude, speed, course, and more [38]. On the ESP32
the library is solely used to parse the latitude, longitude, and altitude. As seen in
Listing 8, these are saved into a string that can be transmitted to the Link module.

sprintf(gnssData, "%.8f,%.8f,%.2f", Loc.Lat, Loc.Long, Loc.Alt);

Listing 8: Using the sprintf()  to save the variables with the given decimals in the char array
gnssData.

8.1.3 Communication between modules

The ESP32-WROOM-32 microcontroller has two different built-in technologies for
radio communication, WiFi and Bluetooth Low Energy (BLE). These technologies
are widely used in many loT solutions. Some of the pros and cons of the two are
seen in Table 8.1.
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WiFi BLE

Max Data Rate 1 - 600 Mbit/s [ 1] 700 Kbit/s
Max Range 50 - 200 m [39] 80 - 120 mq]
Power consumption 95 - 240 mA [ 9] 95 - 130 mA [40]

Table 8.1: Comparison of the wireless communication technologies WiFi and BLE, where Maxi-
mum data range, maximum transceiving distance, and power consumption are compared.

In terms of the requirement of the following range of 50 meters in Table 6.2, both
technologies support that. In terms of power consumption, the BLE is preferred
in a power-scarce system as drones. Additionally, it is worth noting that the
ESP32 does not consume more power when it receives a WiFi signal than when
it receives a BLE signal. It is only when transmitting using WiFi that the power
consumption doubles. This will not have an impact on the Link module but on
the position module.

The motivation for using WiFi over BLE is signi cant because of familiarity with
the technology and protocols. Therefore it is chosen to communicate between the
modules with WiFi using IEEE 802.11b/g/n protocols.

Point-to-Point

When communicating in a network, a topology is used to arrange the systems
on the network. One of the most common ones when connecting two modules is
a Point-to-Point topology. In Point-to-Point topology the systems are connected
directly via a link, which can be wired or wireless. This direct connection only
has the purpose of sending packages back and forth between the systems. The
closed communication channel also provides privacy since it is not shared with
other systems [43]. The topology is shown in Figure 8.6.

1 The Maximum data rate of WiFi depends on which IEEE standard is used (802.11b/g/n) [41].

2 Calculated from The Bluetooth Range Estimator with the ESP32 BLE characteristics [42] [31].

3 Receiving BLE and WiFi is the same (95 - 100 mA), whereas transmitting WiFi depends on which
protocol IEEE 802.11b/g/n (180 - 240 mA) [40].
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