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Abstract

In this thesis, work on Electrically Power-Assisted Cycles like e-bikes and e-scooters
is done together with single-board computers aimed at increasing effectiveness
and reliability by optimizing communication between Vulnerable Road User clus-
tering. By utilizing the Controller Area Network bus that exists inside of most mod-
ern electrical cycles to see what type of relevant kinetic information can be gath-
ered to relay through wireless communication. The tests conducted in this thesis
explore a possible solution for using clustering to enhance safety and reliability
in information sharing, which is crucial for the Vehicle to Everything technology.
The implementation of the messaging system for the tests follows the European
Telecommunication Standard Institute specifications for the Vulnerable Road User
Awareness Message to replicate their behavior in clusters and then gather data
from it. The results obtained support the idea of using clustering to gather data
from multiple road users as was expected from the literature review. However,
some real data metrics from Controller Area Network were missing due to tech-
nological obstructions that occurred during tests, leaving room for improvement
for future work in the area.

Keywords V2X, Clustering, CAN, VRU, VAM.
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Sammanfattning

I detta examensarbete utfors arbete pa eldrivna cyklar som el-cyklar och el-skotrar
vilket gors i samband med enkelkortsdatorer med malet att 6ka effektiviteten och
palitligheten genom att optimera kommunikationen mellan sarbara trafikanter
klustring. Genom att anvédnda styrenhetsnitverk som existerar innuti de mesta
moderna el-cyklar for att se vad for typ av relevant kinetisk information som
kan bli samlad for att formedla genom tradlés kommunikation. Testerna utférda i
denna tes undersoker en mojlig 16sning for anvandningen av klustring for att for-
bittra sdkerheten och palitligheten vilket ar viktigt for fordon till allt teknologi.
Implementationen av meddelande systemet for testerna foljer den europeiska
telekommunikation standard institutets specifikationer for de sarbara trafikanter
uppmérksamhets meddelanden for att replikera deras beteende i kluster och da
samla data fran det. De inforskaffade resultaten stodjer idéen av anvindningen
av klustring for att samla data fran flera trafikanter som var forvéntat fran lit-
teratur studien. Daremot saknas verkliga datamatt frn styrenehtsnétverket pa
grund av tekniska hinder som intraffade under tester, detta lamnar utrymme for
forbattringar for framtida arbete inom omrédet.

Nyckelord V2X, Klustring, CAN, VRU, VAM.
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Chapter 1

Introduction

Vehicle to Everything, or simply V2X, is the umbrella term that describes the tech-
nology used to share real-time information between vehicles, drivers, pedestrians,
and infrastructure through sensors, cameras, and WiFi. The idea that drives the
development of V2X technologies is that using the collected information from all
available sources in the network, we should be able to create an environment
where both drivers and Vulnerable Road User (VRU) everywhere are safer by
virtue of having an awareness of the different actors with whom they are cur-
rently sharing the road [1].

1.1 Background

Currently, V2X is believed to be the most promising solution to achieve Vision
Zero, a multinational strategy aimed at eliminating all traffic related fatalities and
injuries as well as improving mobility for everyone [2]. Vision Zero was imple-
mented for the first time in Sweden in 1990 and, having been proven success-
ful throughout Europe, has led to the European Commission promoting V2X for
well over a decade now and created a joint establishment for Cooperative Intel-
ligent Transport Systems (C-ITS) between European countries [3]. The European
Telecommunication Standard Institute (ETSI) has created technical specifications
for the basic services the VRU messages provide and communication of the Vul-
nerable Road User Awareness Message (VAM) [4].

At Halmstad University, several dedicated V2X research projects have been in
full development for a couple of years (SafeSmart, EPIC, ELLIIT 5G V2X) in col-
laboration with several industry partners and other research centers. The current
focus of the university’s research group is on VRU safety, more specifically, on Elec-
trically Power-Assisted Cycles (EPAC), e-bikes, and e-scooters. This is precisely the
focus of this thesis work.
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1.2 Problem Statement

In this project, the problem in question is the possibility of using clustering to
improve the V2X performance for safety applications. Therefore, tests will be per-
formed to draw conclusions on whether or not it can be improved and also to see
if useful kinematic information can be gathered from EPACs.

1.3 Purpose

Most of the research work in V2X has focused on motorized vehicles, especially
regarding clustering solutions where VRU have been relegated to a secondary
role. The primary purpose of this thesis project is to find a clustering solution for
EPAC in order to efficiently and reliably optimize the between cluster members.
This should, in turn, allow us to develop smart traffic safety applications based on
cooperation using efficient energy consumption methods.

1.4 Requirements

The developed solutions will be implemented using a single board computer,
ESP32-S3 [5], attached to an EPAC Controller Area Network (CAN) bus. These
boards have three main functions: First, they enable duplex communication be-
tween EPAC; second, they allow us to obtain information about the current state
of the e-bike, enabling them to get precise real-time information about different
dynamic variables (speed, position, acceleration, etc.); and third, by combining
them with V2X technologies, for example, by enabling them to exchange VAM,
they can maintain the safety and compactness of the cluster users.

1.5 Related works

A recent study about the ETSI VAM dynamics, specifically using EPAC, was con-
ducted in [6]. In that work, the authors researched the VAM generation protocol
dynamics for e-bikes by running tests on different cyclists while collecting rele-
vant data with different hardware components, i.e., micro-controllers, GPS, and
accelerometers. Based on their test results, their work concluded that the VAM
protocol behaviors for e-bikes needed further assessment for more complex sce-
narios in environments with differing roads (e.g., sharp turns) or a mix of vehicles
and e-bikes.

In [7], the authors researched the effectiveness of VRU clustering in cellu-
lar V2X (C-V2X) systems, i.e., environments where pedestrians with smartphones
send wireless information to surrounding vehicles. In that work, the approach
to evaluating the ETSI protocols was to run clustering tests and use the result-
ing metrics to simulate scenarios, including vehicles and pedestrians. The results
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showed that clustering can reduce the amount of exchanged VAM messages but
at the cost of decreased accuracy in positional awareness.

Another study on VRU safety can be found in [8], where the authors analyzed
the performance of two different types of standardized messages for V2X commu-
nication using simulations. In the first system, vehicle sensors are used to passively
detect VRUs and other objects through a collective sensor data-sharing system and
share the information using Collective Perception Messages (CPM). In the second
one, VRU actively transmits messages as beacons to share their presence with their
surroundings via VAM. The simulation results showed that combining the use of
VAM and CPM can increase VRU safety by offering better perception for vehicles
while also not overloading the wireless communication.

As stated earlier, here at Halmstad University, several dedicated projects have
been done on V2X research. [9] is a thesis done earlier this year on creating a
prediction model for EPAC in Connectede Cooperative and Automated Mobility
(CCAM) environments to enhance safety and efficiency through future intention
sharing. Using an open-source software called Vadere for pedestrian and crowd
simulations and implementing their mathematical models lead to a prediction
model within reasonable accuracy for ETSI standards. The model could predict
and visualize an area of possible predicted futures and also had a practical im-
plementation on a single board computer in a real-time environment to show the
capabilities it could operate in.

Table 1.1 shows a comparison of the current state of the art works on V2X
communications focused on VRU safety. In this thesis work, our focus is on the
application level rather than on protocol performance or simulations, the goal is
to utilize VAM in order to develop a working safety application for members of
the cluster.
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Table 1.1: Comparison of related work

Work

Benefit

Drawback

(6]

The research on the dynamics of
VAM generation for e-bikes

Need for more research in more
complex realistic environments

(7]

Researched the effectiveness of
VRU clustering C-V2X environ-
ments and showed positive opti-
mization of the amount of VAM
exchanges

The efficient VAM messages work
came at the cost of decreased ac-
curacy in positional awareness

(8]

An analysis on two different types
of standardized V2X communica-
tion that showed increased safety
for VRU

The chosen area of implementa-
tion focused only on roundabout
scenarios instead of larger areas
for better results

[9]

Implementation and simulations
of a prediction model for VRU
and EPACs in CCAM environ-
ments that is sufficient for ETSI
standard

Limitations with hardware and
software means the accuracy of
the model could have been im-
proved




Chapter 2

Technical Background

The main research area of this project is V2X communications, a well-researched
topic that has existed for over a decade with support from large international
organizations (e.g., ETSI, IEEE). Most of the work has traditionally focused on
motorized vehicles (traditional or autonomous) and their interactions amongst
themselves and with the infrastructure (e.g., vehicle-to-vehicle (V2V), vehicle-to-
infrastructure (V2I), etc.), but the fundamental concepts and ideas can also apply
to vulnerable road users such as pedestrians and bikes (in most cases), which is
the focus of this project.

The approach for the design of the WiFi application follows the IEEE 802.11
standard protocol family for duplex communication; which means that data can
travel both ways at the same time. Normally, the 802.11 family of protocols uses
Carrier-Sense Multiple Access with Collision Avoidance (CSMA/CA) as a channel
access mechanism where devices first sense if the channel is busy before sending;
if the channel is idle, they send; otherwise, they delay their transmission for a
predetermined amount of time. However, it is known that the basic WiFi standard
is not able to fulfill the strict latency and throughput requirements of V2X appli-
cations. Thus, a specific standard for Wireless Access in Vehicular Environments
(WAVE) had to be developed for V2X. More specifically, the physical (PHY) and
medium access control (MAC) layers of the V2X standard are defined in the IEEE
802.11p standard and are obviously based on the IEEE 802.11 family of Wi-Fi
standards. Meanwhile, the upper layers of communication are specified by the
IEEE 1609 WAVE standards. In particular, the V2X communication is broadcast,
which means we cannot rely on the Request-to-Send/Clear-to-Send (RTS/CTS)
technique to solve the hidden node problem, and we also do not receive acknowl-
edgment (ACK) of packet reception. Even though the ESP32 boards do not use
802.11p, we can reproduce the performance by disabling RTS/CTS modes.

Next, the information gathered from EPACs will be used by the VRUs to gen-
erate the VAM messages. ETSI has created a specification for the broad services a
VRU must provide in [4]. The overarching VRU service includes the VAM commu-
nication itself, as well as the service management system and cluster management
system, as seen in 2.1. The service management handles functions such as storing
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the ITS application identification as well as the configuration it receives from the
ITS station, which is then used inside VAM data elements. Depending on the VRU
profile, it can also receive and transmit information to the Human Machine In-
terface (HMI) and activate or deactivate VAM transmission according to the VRU
profile parameters. It also manages interactions with position, time, and device
data providers for other services. Meanwhile, cluster management handles func-
tions such as determining if a VRU has the capability to become cluster head,
creating and merging or breaking up clusters, detecting if a VRU is joining or
leaving a cluster, and storing parameters for VAM data elements for the cluster.

Clustering is a useful tool to help ensure the reliability, stability, and scalabil-
ity of V2X communication using today’s communication technology. The idea of
clustering is to group network users (vehicles or VRUs) that share certain charac-
teristics into smaller groups that are easier to keep track of and manipulate from
the point of view of the infrastructure and the application layers. The general
forming of clusters is handled by the users individually, and the same goes for
when they split up as well.

VRU basic service

VRU basic service management

VRU cluster management

VAM reception management

VAM transmission management

VAM encoding VAM decoding

Figure 2.1: VRU basic service protocol stack [4]
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As previously mentioned, VAM services are handled by a VRU; VAM sending
is divided between checking for triggers, generation, and transmission. (Checking
for triggers means that a condition is specified by the standard that should make
you generate a new VAM, for example, if your orientation changes by more than 4
degrees). We can fix the value of the transmission frequency up to a certain extent
as allowed by the standards. The use of clustering directly affects the frequency
of VAM generation and sending. For the purposes of this project, we will consider
a fixed rate for both clustering and non-clustering modes. More specifically, only
the leader of the cluster should maintain a relatively high frequency for the VAMs,
which contain information about the movement of the whole platoon. However,
cluster members still need to periodically send VAMs to check whether they are
still within the cluster’s range as a sort of ping towards the cluster leader. The
idea is that the frequency of cluster members should be lower in order to alleviate
potential congestion issues in the network that affect latency and Packet Delivery
Ratio (PDR), the rate at which successful packets of data is sent and received.






Chapter 3

Method

3.1 Development Process

Most of the work for this project has been done using single-board computers,
specifically the ESP32-S3, a beginner-friendly microcontroller unit with integrated
WiFi and Bluetooth capabilities. The coding has also been done in an Arduino IDE
using the C programming language and the API for WiFi applications for ESP32
boards [10]. The developed solution has been tested on an e-bike provided by the
university, the Elina-X by Crescent.

The first step is to achieve communication between ESP32-S3 boards, this was
done by writing a small WiFi application since they come with built-in WiFi anten-
nas. It is important to note that one of the two main competing V2X technologies
currently in deployment around the world, namely 802.11p or Digital Short Range
Communications (DSRC) [11], is based on the IEEE standards for the WiFi fam-
ily of technologies, so full compatibility was expected for the later stages of the
project when we want to exchange VAMs between the users.

Following the establishment of communication, the next step was the tapping
of the Controller Area Network (CAN) bus from the e-bike to see what informa-
tion could be extracted. By using a transceiver as an intermediate component for
the e-bike and ESP32, the data should be able to be read and written between
them. Depending on whether the information given can be used to construct a
full standardized VAM message from the CAN bus, the next step is to build it and
send it. Otherwise, other methods for obtaining the required measurements must
be taken.

After each solution was implemented, tests were done to thoroughly verify
that the desired results were being achieved or to perform adjustments otherwise.
First, to test whether the communication between the boards is reliable, tests were
planned to see how it performs under different environmental conditions. When
traversing with e-bikes, a lot of different factors can affect wireless communica-
tion, tests on its range of communication, if its connectivity can be easily obscured
or lost, and the speed of information would be beneficial but due to some tech-
nical difficulties that occurred during the project left the tests unperformed. With
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the communication established, the next step is to tap the CAN bus for informa-
tion. Ideally, the information that is gathered is the e-bike’s speed, position, and
destination. However, it is not only important to get these metrics but also to test
how accurate they are to ensure the information is precise and reliable to share.
To achieve this, simple tests can be done by measuring the values while observ-
ing the e-bike’s state. Lastly, with both the previous steps completed, the final
milestone will be testing the VAM interaction between users. Testing this involved
exchanging messages via WiFi between the EPACs with the information tapped
from the CAN bus. A performance analysis was done to check if the information
read is accurate on both e-bikes and measure the Packet Delivery Ratio (PDR),
latency, and packet loss at which the VAMs are received to adjust their frequency.
As always, adjustments will need to be made to improve the implementation of
each solution to satisfy the requirements of this project.

3.2 Technical Design

The ESP32-S3 is an excellent fit for achieving the project goals due to its inte-
grated WiFi capabilities, high level of software support, and a plethora of dedi-
cated libraries for wireless application development [12]. In addition, the well-
documented technical specification of the board and API in [5] goes in-depth on
how to start building programs that were used as a stepping stone at the beginning
of the project. The key component of the ESP32 board is the WROOM-1/1U/2 (re-
ferred to as WROOM-1 in this project) micro-controller unit (MCU), which con-
tains the generic WiFi module that supports transmission in the 2.4 GHz channel
(802.11b/g/n) [12]. It is worth noting that although the board supports WiFi up
to generation 4 (802.11n), IEEE 802.11p is the actual IEEE recommended Me-
dia Access Control (MAC) and PHY layer standard for Vehicular Ad-hock network
(VANET)s [13], which differs from 802.11n with regards to channel bandwidth,
data rate, and frequency. However, given the scope of this project regarding the
number of network nodes and mobility constraints, we can assume that any results
obtained can be assumed to work in traditional 802.11p environments without
loss of generality.
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3.3V Power On LED  USB-to-UART Bridge

ESP32-S3-WROOM-1/1U/2 RGB LED Pin Headers

USB Port

Reset Button

= — Boot Button

| @ ESPRESSIF
ESP32-53-WROOM-1

USB-to-UART Port

5Vto 3.3VLDO Pin Headers

Figure 3.1: Schematic of the ESP32-S3 in [5]

The design of the ESP32-S3 setup is simple. The board is attached to a bread-
board to hold it in place and connected to a PC with Arduino IDE via its micro-USB
port to power the board and communicate with it to flash over programs.

The second crucial technical component of this project is the e-bike CAN bus.
A vehicle bus is a specialized internal communications network that interconnects
components inside a vehicle. CAN bus is a vehicle bus standard widely used in the
automotive industry that can be described as a sort of nerve system for efficient
communication between the different Electronic Control Units (ECU) within the
vehicle [14].

A simplified model of the CAN architecture is shown in Fig. 3.2. An Micro-
Controller Unit (MCU) works as the brain of each ECU, interpreting incoming CAN
messages and deciding what messages to transmit. Meanwhile, the MCU uses an
integrated CAN controller to ensure that all communication between the ECU and
the physical layer adheres to the CAN protocol. In addition, a CAN transceiver is
put in between to send and receive control and convert signals in both directions
to maintain the connection to the physical layer.
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Elecirical Control Unit (ECU) f CAN node

Microcontroller

CAMN controller

CAMN transceiver

Bus

Figure 3.2: Basic schematic of a CAN architecture [14]

This project uses the Waveshare Accessory Board CAN Transceiver SN65HVD230
to interface with the ESP32 integrated CAN bus controller. The SN65HVD230
transceiver is designed to work as a translator for the serial physical CAN mes-
sages. Originally, another CAN bus shield module was planned to be used for
this project, the MCP2515 with the integrated TJA1050 transceiver chip, but it
was discovered to be not well compatible with the ESP32-S3 during the project’s
work. In general, the CAN transceiver works as an interface between a main logic
controller, a CAN controller that the ESP32-S3 has, and the physical CAN bus by
relaying data back and forth.
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Figure 3.3: SN65HVD230 CAN bus module [15]

13

Finally, once the WiFi boards can interface with the CAN bus to obtain the
bike’s dynamic information, the information will be used to construct and send
VAMs. The VAMs format is already predetermined and based on the ETSI standard
[4]. Fig. 3.4 shows the general structure of the VAM. It can be seen that the most
important information (e.g., ID, position, speed, orientation) is sent in manda-
tory containers on every single VAM generated by the user in order to maintain
awareness within the network. The VAMs in this project will include the manda-
tory container elements required to create a VAM, and optional containers are also
considered to be added in cases where they are deemed to improve the structure

of the VAM.

ITS PDU
Header

Basic
Container

Originating
ITS-S
Type
Position

HF LF Cluster Cluster Motion

Container | Container Information Operation | Prediction

Hoadin (Optional) Container  Container Container

Spood. (Optional) | (Optional) | (Optional)
Lane Position .
Acceleration Lights D Join Info PatI:DHtl's‘tory
Environment Subprofile Shape Leave Info Pr d?ct' n

Angular Size Class || Cluster Size |||Break Up Info edictio

Dynamics Safe Distance
Device Usage

Figure 3.4: General structure of VAM (adapted from [4])
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At the end of the project, everything is to come together to form a functional
cluster. Initially, this project was only given two ESP32 boards, and the design
was supposed to represent a smaller cluster of two VRUs. However, the design is
expected to be able to scale to scenarios with multiple VRUs, and therefore, more
ESP32 were added to the project’s later stage for testing purposes. Communication
between cluster members will be done using VAMs, but each individual will also
be connected to the infrastructure with WiFi to make their presence visible to all
other road users aswell. The designed architecture is shown in Fig. 3.5.

i Infrastructure
((Eé)))

4

| cus ]

Figure 3.5: Overall Project Architecture




Chapter 4

Implementation

Before this project started, it was decided in advance that ESP32-S3 boards were
going to be used for communication between VRUs inside or outside of clusters
and the information gatherer for VAMs. For this purpose, the Arduino IDE appli-
cation had to be used for programming the boards since it allows C code to be
flashed over to the ESP32s after having first installed the ESPRESSIF board man-
ager on the IDE. However, because the specific files used inside of Arduino IDE are
.ino files, the use of another IDE was required to write the program that manages
the VAM creation, namely VS code, as .c and .h files could easily be created there,
but any program to design C files works.

For the V2X communication implementation, the API used during develop-
ment was the WiFi.h library [16] that enables WiFi communication, such as UDP
or TCB and it is also used to initialize access points for the ESP32s. The access
points represent an EPAC VRU to allow other VRUs to connect and form clusters
by starting up their own networks. When the network is initialized, the header
role is assigned to the one who created it, and anyone joining is a member. As not
to overload the network instantly, the header holds off until it senses any other
ESP32 joining before broadcasting UDP messages; the packages themself is made
up of a timestamp of the packets generation and a VAM.

The CAN code was based on the drive/twai.h library [17] with Two Wire Au-
tomotive Interface (TWAI) being the esp32 integrated controller that follows the
same ISO protocol standard as CAN. The important configurations to do here are
to set the GPIO pins for RX/TX and set up the bit timing to read CAN messages.
The RX/TX pins are used to read the CAN high and low values that are received
from the CAN transceiver, and setting the baud timing rate is used for the period
of each time quantum is dividing the TWAIs source clock, a typical baud rate that
was used in the project was 500kbits. Before implementing the CAN reader to an
EPAC, one can make sure to test it on a smaller scale by having another ESP32 or
arduino imitate and send CAN messages to the reader to make sure it both reads
and sends CAN works.

In this project, a VAM library had to be designed from scratch since there was
no pre-existing C library and for the purposes of imitating ETSIs protocol to be

15
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later implemented into the communication between ESP32s. Not everything in-
side of the standard needs to be included, but the most important parts are the
mandatory containers, i.e., the Basic- and High-Frequency containers. Another
container that was considered for this project was the Cluster Information con-
tainer, which represents an indicator of change in shape when the cluster increases
in size. The data inside of the containers should be filled out by any means with
information you can gather from the CAN or through WiFi communication. De-
pending on the values you can gather from the CAN, ideally dynamic values to fill
out the basic- and high-frequency containers such as speed, heading, or accelera-
tion. However, the required data values might not always be available or are able
to be gathered, and therefore, based on the ETSIs protocol, there are predefined
unavailable/default values that we can use to fill out anything that is missing.

4.1 Deployment

When it comes to tapping the CAN bus to see what values can be gathered, it
is important to take precautions to avoid anything breaking down or somebody
getting hurt. Depending on the brand of the specific e-bike, the CAN cable can
vary depending on what the manufacturer uses. In this project, the easiest place
to tap on was the battery to LCD display cable. By extending the connection with
normal wiring cables onto a breadboard, the CAN high and low pins are exposed
and easier to work with. It is worth noting that the e-bike CAN cable, the HIGO
B5-F and S5-E were smaller than the average cable and had to be modified by
removing the mantle to expose the metal and then adding a thin layer of tape so
it would fit on the pin side and not interfere on the pin side, see fig. 4.1.

Figure 4.1: CAN harness of HIGO pins



Chapter 5

Results

As previously mentioned, the first goal was to establish communication between
the ESP32S3 devices through a WiFi application implemented using the Arduino
IDE. The first iteration of the implementation was a simple 1-to-1 bidirectional
communication link using the built-in WiFi library on the IDE for TCP commu-
nication. With that as the basis, the next iteration switched to UDP protocol to
replicate the functionality of V2X broadcast communication, as described in the
following code listing.

Listing 5.1: Pseudo code for ESP32 WiFi

import WiFi.h

void setup(){
Start serial monitor;
Start AccessPoint;
Setup UDP broadcasting;

}

void connectDevice(){
Connect to other AP devices;

}

void loop(){
//main loop
wait for any connection first;
sendBroadcast();
readBroadcast();

}

void sendBroadcast(){
sends out broadcasts to anyone listening;

}

void readBroadcast(){
reads any incoming broadcasts;

}

To test the validity of the implementation and confirm messages were indeed being
broadcast over the network, Wireshark, a free open-source packet analyzer, was
used to sniff any packets sent through the ESP32 boards WiFi network. Fig. 5.1
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