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Abstract

This report outlines the development of the hardware and software of an
e-scooter with the aim of making it self-driving. The project is part of
Project Autobike, which aims to improve traffic safety by designing bicycles
that can be used in testing of safety systems in autonomous cars. The
results show functional hardware and software, and simulations indicate
that the e-scooter can balance on flat surfaces if the starting angles of roll
and tilt are straight. While the e-scooter has shown promise during tests,
further work is needed to achieve full balance. It may not be possible to
balance the scooter fully outside of simulations because of its low center of
mass.

Sammandrag

Denna rapport beskriver förbättringarna till h̊ardvaran och mjukvaran
av en e-skoter i syfte att göra den självkörande. Projektet är en del av
Project Autobike som jobbar med att förbättra trafiksäkerheten genom
att designa cyklar för att testa säkerhetssystem i bilar. Resultaten visar
funktionell h̊ardvara och mjukvara, och simuleringar tyder p̊a att e-skotern
kan balansera d̊a skotern kör p̊a platt underlag och har en rak utg̊angsvinkel
i roll och tilt. Även om e-skotern kunde balansera kortare stunder under
tester, krävs ytterligare arbete för att uppn̊a full balans. Det kanske inte är
möjligt utanför simulering med nuvarande e-skoter p̊a grund av l̊ag höjd p̊a
masscentrum.
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List of Symbols and Abbreviations

Controller Parameters

� Steering angle
� e E�ective steering angle
' Roll/lean angle
� The body slip angle
 The yaw indicating the orientation of the e-scooter
_xL A state consisting of X and Y
� The direction of the bike
v Speed
O The point of rotation
R The radius of the driven path and the distance to the point of rotation

from the CoM
D Inertia with respect to the xz-axes
J The moment of inertia of the scooter body with respect to the x-axis

Physical Parameters

m Mass of E-scooter
a Distance between the rear wheel and the frame's center of mass
b Wheelbase. Distance between wheel centers.
c Distance between the front wheel contact point and the extension of

the fork axis
� The angle of the fork axis
CoM Center of Mass
hCoM Height of center of mass
X; Y The position of the bike in global coordinates
g Gravitational constant
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1 Introduction
Autonomous automobiles are becoming more frequent in today's society [1].
To ensure the functionality of safety systems in these cars, numerous tests and
simulations have to be done before they are let out in real-world tra�c. Real
tra�c tests are performed with scenarios that accurately match possible situations
to assure the safety and protection of the riders and the environment outside the
automobile [2], [3]. The usage of e-scooters has increased in recent years, and
thus, engineers have to consider e-scooters in the testing and development of
safety systems as well [4].

A study conducted in Sweden found that e-scooter riders are drunk drivers to
a greater extent than drivers of other vehicles [5]. In the US, between 2017 and
2021, e-scooter related emergency visits went up by almost 450% [6]. Because of
this, safety between cars and e-scooters is now held in high regard.

Bicycles are already part of the development of safety features and are being
introduced in testing to ensure safe reactions from cars by simply using a bike-shaped
doll and pushing it into the car's trajectory [7]. Chalmers University has been
developing a self-driving bike that can more accurately emulate bike rider movements,
improving the safety system's functionality further [8].

This thesis aims to do the same for e-scooters, providing the automotive industry
with self-driving e-scooters for testing car safety systems and ensuring increased
road safety in the future.

1.1 Background - Project Autobike
Project Autobike is a joint project between Chalmers and M•alardalens University
with the goal of developing self-balancing bicycles. The purpose of these bicycles
is to simulate human behavior to improve tra�c safety tests for cars. The Autobike
project has several subprojects, and this project focuses on developing a self-driving
e-scooter [9].

The development of the e-scooter started at M•alardalen's University, where an
e-scooter and much of the hardware were acquired and put together. M•alardalen
also made a simulation program and software to run the e-scooter. They were
unable to achieve self-balancing for the scooter prior to sending it to Chalmers,
where this bachelor continued the work [9].

In order for the scooter to retain realistic human driving characteristics, no
gyro or support wheels are used. Instead, the scooter must rely on leaning and
steering, like a human driver would.
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1.2 Existing E-scooter
The project started with a group of students at M•alardalen's University [9] in
the fall of 2022 and stretched over six months. A Xiaomi Mi Electric Scooter
Pro 2 [10] was purchased and modi�ed during the project, in accordance to
Figure 1. In addition to the requirement of balancing by steering, another requirement
was to modify the scooter in a similar way and methodology to the already
existing bike projects so that they would be as similar as possible.

Figure 1: E-scooter after modi�cations from M•alardalen [9]

1.2.1 The Original Modi�cations Done to the Scooter.

The scooter had its own controller taken out, and the battery is instead connected
to a cable coming out of the front fork of the scooter. The original battery
NED-1004-K , and driving motor JYX36300 of the scooter remained.

The controller box is the protective housing for all sensors, computer boards,
and drivers. It is similar to the bicycle's controller boxes, sharing many of the
same components but being di�erent in shape and layout.

The two most integral components of all the controller boxes for the balancing of
the vehicles are theNI MyRIO-1900 and IMU Pmod NAV 9 .

MyRIO-1900 [11]

The real-time embedded evaluation board by National Instruments, myRIO,
is the \brain" and an important part of the self-driving e-scooter. It reads
the IMU sensor values in real time, which is the sole reason why National
Instruments LabVIEW is used for the software of the e-scooter. MyRIO
uses the software to command the di�erent motors through the computer
boards, internal wiring, and the two drivers.
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IMU-Pmod NAV 9 [12]

The IMU (Inertial Measurement Unit) is the main sensor used, providing
pivotal data and information about the e-scooter's state. Mainly using the
gyroscope and accelerometer functions of this particular IMU.

1.2.2 Software

Initially, the project incorporated both a real-time program and a simulation
program. However, they were subsequently replaced with the goal of achieving
software modularity across all autobike projects, including bicycles and e-scooter.

1.2.3 The E-scooter's Condition

The steering motor assembly, see Figure 2, was broken and the steering motor's
encoder was not functional. The controller box had a faulty diode on the voltage
regulator, which was noticed after the initial power-on. The rest of the hardware
were functional but needed to be validated. All software, simulations, and CAD
models were shared and functional.

Figure 2: Mount for the steering motor, with the same design as the one
from M•alardalen.
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1.3 Purpose and Goal
The goal of this bachelor's project was to continue the development of the e-scooter
as it was already constructed. First to enable the scooter to balance it self at
certain velocities, and then continue the development beyond that. Such as path
tracking, etc.

The goals that were set up for this project are as follows:

ˆ Validate the functionality of the e-scooter

- Validating the forward motor function.

- Validating the steering motor function.

- Validating IMU sensor function.

- Replicating the results from M•alardalen

ˆ Compare controlling of the e-scooter in simulation to real life.

- A simpli�ed mathematical model of the e-scooter

- Simulating the balancing tests to �nd the critical parameters, such as
controller parameters and minimum stable velocity

- Doing real tests on the e-scooter with the parameters, achieved with
the simulations

- Balancing the e-scooter on its own without external assistance, and
just the scooter's own steering inputs alone.

1.4 Societal- and Ethical Aspects
The ethics behind self-driving vehicles is important to discuss, to understand
what the technology can be used for in the future. In case of predicted bad
outcomes, it may be necessary to evaluate whether the project is worth carrying
out, or whether other solutions with better ethical outcomes need to be developed.

There are studies showing that many tra�c accidents are the result of drunk
driving on e-scooters [5]. The drivers are also prone to not wearing helmets,
which exposes them to greater danger. Because of this, testing autonomous
vehicles with e-scooters is very important. If the e-scooter riders are prone to
making bad decisions, the car's safety systems have to be ready to act to reduce
the consequences. In all tra�c situations, it is important not to expect tra�c
to work according to the rules, and this has to be taken into consideration when
programming the automotive safety features [13]. There is also an ethical dilemma
in the question of who is responsible if a collision or accident happens [14]. The
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public need to feel safe around the vehicles, but those who built them, should
have trust in their product and that they feel assured they won't have to be held
responsible for tra�c accidents.
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2 Methodology
The project was pursued by conducting a literature review, simulating various
phenomena, improving hardware and then performing actual testing to see whether
those phenomena held true.

The e-scooter's mathematical model is similar to that of an inverted pendulum,
which is also true for the balancing problem of the bikes. To understand the
kinematics and dynamics of the e-scooter, the master's thesis of C�ecile Savoye,
\Modeling and Path Tracking Control of an Autonomous Bicycle" [15], and
the papers \Lateral Control of a Self-Driving Bike" from Chalmers University
[16] and \Bicycle Dynamics and Control" from Lund's University [17] have been
studied to understand the mathematical side of the project.

2.1 Mathematical Model
The mathematical model of the e-scooter is important to understand and incorporate
to control and balance the e-scooter. The problem of balancing the e-scooter
and similar vehicles is that of an inverted pendulum, where the tilt angle, ' , is
in
uenced by the steering angle, � .

2.1.1 Planar motion

Kinematics is the study of motion without looking at its cause. The e-scooter
exists within an XY-plane, with its state being expressed through
xL = [ X Y 	] T where 	 is the angle the scooter is heading in, see Figure 3.
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Figure 3: Visualisation of the path-controlling. A representing the front
wheel of the e-scooter and B representing the rear wheel.

In the path-control, O is the point of rotation for the scooter, with the distance
between the CoM and it beingR.

The angle of the velocity is � which can be determined through

� = arctan(
a
b

� tan( � e)) [ °]: (1)

With xL = [ X Y 	] T as the position of the scooter, the change of position, _xL is
calculated:

_xL =

2

4
v � cos( + � )
v � sin( + � )

v � tan( � e)
b cos(� )

3

5 : (2)

The direction of the scooter � is calculated by

� = 	 + � [°]: (3)

Since the distanceR is much greater than the wheelbaseb, the system can be
linearized. This results in the equations:

� =
a � � e

b
[°]; (4)

x = [ X Y  ]T ; (5)
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u = [ v � e]T (6)

and

_x =

2

4
v(cos � cos� � sin  � sin � )
v(cos � sin � + sin  � cos� )

v�tan( � e)
b

3

5 =

2

4
v(cos � a

b � � e � sin  )
v(sin  + a

b � � e � cos )
v
b � � e

3

5 =

=

2

4
v � cos 
v � sin  

0

3

5 +

2

4
� a

b � v � sin  
a
b � v � cos 

v
b

3

5 � e:(7)

The system is not truly linearized because of 	. This model has the in-parameters
shown in equation 6 as those are the parameters that can be controlled through
the driving motor and steering motor of the scooter.

2.1.2 Roll dynamics

Dynamics is the study of causes of motion where the balancing act is most important,
in which the scooter and bike work as an inverted pendulum. See Figure 4 for
illustration.

Figure 4: The balancing of the e-scooter.

The goal for balancing is to maintain ' = 0 °, or for future path-tracking, for the
' to equal a desired angle for turning.
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The angular momentum of this inverted pendulum is calculated by

J •' � mgh' =
Dv _�

b
+

mv2h�
b

; (8)

with the second-order equation has the transfer function between' and � being

G'� (s) =
v(Ds + mvh)
b(Js2 � mgh)

: (9)

This is not a stable system, though. For that, the proportional feedback law

� = � k2' [°] (10)

is implemented in equation 8, which leads to

J •' +
Dv _�

b
+ (

mv2hk2

b
� mgh)' = 0 : (11)

This is stable if

k2 >
bg
v2 ; (12)

which is most a�ected by the increasing velocity of the scooterv. This is also
where a notable di�erence between a bike and an e-scooter becomes evident.
The wheelbaseb of the bicycle is larger than that of the e-scooter, resulting in
less stability for the bicycle and requiring a higher velocity to maintain balance.

This underlying logic drives the e-scooter's simulation and software.

2.1.3 Center of Mass

The CoM of the e-scooter is calculated by dividing it into parts in simpli�ed
form. The simpli�ed parts are divided into the following parts:

ˆ Base - Encompassing the battery, base and additional forks. Simpli�ed as
a homogenous box with its CoM in the middle of its height and length.

ˆ Wheels - Separated by front and rear wheel. The CoM of each wheel
is in the center of the wheel. Calculated together with the base in CoM
calculations, since they are centered on the same y-value.

ˆ Steering bar - In the shape of a cylinder, where it has been generalized
to become homogenous.

ˆ Handle bar - In the shape of a cylinder, where it has been generalized to
become homogenous.
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See Figure 5 for visualization. The e-scooter was divided into these parts since
the CoM of the di�erent parts a�ects the e-scooter's CoM in a well-distributed
way. The parts can also be considered homogeneous.

Figure 5: The e-scooter simpli�ed, each box represents a term in the
equation of the scooter's CoM position.

Because of mismatching values of the weight in previous work, each part was
remeasured. This was done with a digital personal scale [18], with an accuracy
of 0.1 kg. The lengths were also remeasured to get the correct calculations. The
values are as follows:

Steering bar (i = 1) Steering handle (i = 2)
mbar = 0.9kg mhandle = 0.7kg
lbar = 0.7m lhandle = 0.43m
x = x fork � 0:35� cos(� ) = 0.7516 xhandle = x fork � 0:7 � cos(� ) = 0.6832
y = yfork + 0:35� sin(� ) = 0.7632 yhandle = yfork + 0:7 � sin(� ) = 1.1065

Table 1: Measurements of the simpli�ed steering bar and steering handle

14



E-scooter Control box (i = 3) Base (i = 4) Wheels
mscooter = 14.3kg mbox = 3.7kg mbase = 12.5kg r = 0.1079m
b = 0.88m xbox � 0.42m xbase = 0.41m mf rontwheel = 3.06kg
� = 78:7° ybox � 0.23m ybase = 0.15m
x fork = 0.82m
yfork = 0.42m

Table 2: Measurements of simpli�ed components and the complete
e-scooter

The measurements of the steering bar, steering handle, control box, and base,
together with wheels, in ??,2 are put into equation 13 where CoM is calculated.
The position of all of the centers of mass will be in coordinates, with the x part
equaling a and the y part equal to hCoM , and this is calculated by

(a; hCoM ) =
4X

i =1

mi (x i ; yi )
mscooter

= (0 :4401; 0:2352): (13)

The inertia of the front wheel is also calculated in 14, as well as D, the inertia of
the scooter which is calculated as

J =
1
2

� mf rontwheel � r 2 = 0 :0178 [kg�m2] (14)

and

D = � Jxy = mahCoM = 1 :86 [kg�m2]: (15)

For alterations to the weight on the e-scooter, CoM has to be recalculated using
equation 13.
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2.2 Simulation
This project aimed to simulate the following:

ˆ Simulate the e-scooter to determine the minimum stable speed and suitable
controller values.

ˆ Simulate the di�erences between the self-driving bikes and their parameters.
What makes the e-scooter di�erent?

ˆ Simulate scenarios with di�erent amounts of mass added to the e-scooter,
changing its CoM and weight.

Knowing suitable speed and controller values is necessary for the testing. Simulating
allows investigation of promising values, without risking to hurt the hardware.
These values can be further examined, so they are well suited for real testing.
Since there already exist working self-driving bicycles [15], a key interest was to
determine how the di�erences between the bike and e-scooter vehicle dynamics
impact the results.

The simulations are done using the previously mentioned simulation program
from Chalmers and changing the parameter values for the intended phenomena
that is being simulated for. All software is made to be modular and easily work
with di�erent parameters. The parameters are taken from table 1.

Increasing the velocity until stable for both scooter and bike, changing controller
parameters to �t to the e-scooter and drawing conclusions, are advantageous
steps in increasing the understanding of the problem.

2.2.1 Altering the Scooter CoM

The bicycle has already been validated to be able to balance itself [15]. Knowing
the di�erence between the scooter and the bike is a way to �gure out how to
adjust for the scooter, and see if it is possible to balance it. In the simulation it
is possible to recreate the scooter by feeding in the necessary parameters.

This is also partly why altering the CoM position is interesting to simulate.
The height of the CoM and IMU are some of the largest di�erences between the
bike and the scooter, and both are important for the balancing. Examining how
changing them will impact the scooter in simulation is therefore of great interest.

To study the e�ects of altering the scooter CoM, the simulation ran the same
trajectory of "ascending sine". Running at the same speed of 2.5 m/s, the di�erent
models of altered CoM get put through di�erent controller values to see how
they impact the controller.

The di�erent alterations to the scooter are as follows:
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- The base scooter for reference with the same parameters.

- One alteration with 10 kg suspended 30 cm above the scooter bases's
CoM.

- One alteration with 15 kg suspended to the same height.

- Another with 15 kg but suspended 50 cm above the scooter base's CoM.

All of the alterations keep the center o� mass on the samexpos. By keeping the
same center of mass position, the distance from the rear wheel to the CoM,a,
will remain the same. The values were then used in equation 13.
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2.3 Hardware Alterations and Additions
In parallel with running simulations, the hardware of the scooter was altered.
The broken parts were repaired or redesigned and more things were also added
to the scooter to improve it.

2.3.1 Changed Components

The following components have been replaced:

- The previous steering motor was replaced to a SD3039, 12 V, spur-gear
DC motor from Transmotec [19] with an encoder and 100:1 gear ratio.
In order to make it compatible with the scooter, certain cables and couplings
needed to be replaced.

- The entire steering assembly was redesigned and improved, both to �t the
new steering motor and to strengthen it, to be able to handle the great
stress that the belt pulley was creating.

- The previous PDB (power distribution board) was replaced with a DC-DC
adjustable voltage step-down module (LM2596S) fromWhadda [20].

The previous PDB was custom-made, and despite replacing a faulty diode on
the board, it experienced another failure. Tests were made to decide whether the
diode needed better soldering, but the decision was made to replace it entirely.
The new PDB's only di�erence is that it is adjustable in output voltage.

2.3.2 Steering Assembly

See Figure 6 for the steering assembly. It consists of:

- 3D printed motor mount.

- Laser cut acrylic plates.

- Gang rods, nuts and rim.

- Two pulley gears, one of which 3D printed to �t around the steering shaft
of the scooter.
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