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Abstract

The use of electric bikes is growing rapidly, enabling individuals to extend their potential range
while also reducing their dependency on traditional modes of transport. To expedite the de-
velopment of new electric bicycles in terms of performance, range, and control algorithms, it is
beneficial to have the capability to simulate the core components.

Nuxon Mobility is a startup that expressed interest in such an model to explore the feasibility and
expedite their development timeline for their new electric bike. Their new electric bike offers a
diverse range of features and an innovative new propulsion system that utilizes multiple motors.
This thesis focuses on creating a simulation environment that is both modular and represents
real-life conditions as closely as possible, with the key components of a drive train that includes
the following, multiple BLDC motors, motor controllers, a lithium-ion battery pack, peripherals as
an constant load, environmental forces and being able to utilize driving cycles like WLTP profiles.
The scope of this project includes a review of relevant literature, with a primary focus on the
creation and verification of the simulation model.

The model incorporated a simplified human torque input that relied on the requested speed,
along with a limiting variable that determined the maximum force the rider could exert. A sepa-
rate current controller for each motors enabled optimal power distribution between the front and
rear motors, taking into account various terrains, inclines, and riding modes. The results demon-
strated the model’s potential to execute a WLTP drive cycle, showcasing the energy consumption
associated with it. Furthermore, it illustrated how a dual wheel drive electric bike could effectively
manage power distribution between the wheels, adapting to different terrains and riding modes.

The model successfully replicated all of the core dynamics of an electric bicycle, however some
simplifications were made to reduce the computational complexity, such as the motor controllers
and modeled human torque input. These limitations serve as opportunities for future work that
could include field oriented control, battery aging, more defined riding modes, custom drive cycles
and integrating Mathworks parallel computing addon, which was not available at the time of this
report due to a ransomware attack aimed at Mathworks. The overall result showed that the
model offered great potential and has the possibility to be used for developing electric bicycles
by enabling performance evaluation, control and riding mode algorithm testing without the need
for physical hardware.
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Populärvetenskapliga Sammanfattningen

Användningen av elektriska elcyklar har ökat kraftigt de senaste åren då de erbjuder
ett miljövänligt och flexibelt transportsätt för längre sträckor utan att vara beroende av
traditionella transportmedel. För att påskynda och ha en effektiv utvecklingen under
prototyp stadiet är de väldigt värdefullt att kunna simulera de viktigaste komponenterna
i en elektriska cykel samt hur olika externa faktorer påverkar.

Nuxon mobility är ett startupföretag som håller på med att utveckla en elcykel, för
att skynda på utvecklingen av deras elcykel visade dem intresse av en sådan simula-
tions miljö. Elcykeln som Nuxon mobility utvecklar har flera nya och unika funktioner
framförallt en helt nytt innovativt framdrivningssytem där flera motorer används.

I modellen simuleras de viktigaste och huvudkomponenterna i en elektrisk cykel vilket
är följande, borstlösa likströmsmotorer (BLDC), motorkontroller enheter, ett litiumjon-
batteripack, yttre påverkande motstånd så som vindmostånd, rullmotstånd olika typer av
markunderlagg. För att kunna testa de olika parametrarna är de viktigt att modellen kan
följa olika typer av körcyklar så som Worldwide Harmonized Light-Duty Vehicles Test
Procedure WLTP) för att studera saker så som energiförbrukning och kraftfördelningen
mellan de olika hjulen.

För att simulera den mänskliga kraften som hjälper till skapades en enkel vridmo-
ments kontroller där hastigheten från körcyklen och ett maxvärde bestämde hur mycket
kraft som behövs för att uppnå rätt hastighet. Varje hjul har varsin ström kontroller
som bestämmer hur mycket kraft varje hjul ska hjälpa till med med, detta möjliggör
möjligheten att distribuera olika mycket kraft till varje hjul beroende på t.ex. olika
körlägen, lutning och terräng.

Även om vissa förenklingar har gjorts så som att motorstyrningen och cyklistens be-
teende så visar resultatet från de olika simulationerna visar på att modellen har goda
potentialer för att köra olika körcyklar, ändra den totala kraften elmotorerna ska hjälpa
till med för att simulera körlägen samt att distribuera kraften mellan de olika hjulen.

Framtida förbättringar hade varit att förbättra motor styrningen för att representera en
mer exakt model, anpassa körcykler som är gjord för elektriska cyklar, mer definiera-
de körlägen och minska beräkningstiden genom att använda ett tillägg fron Mathworks
som heter parallell beräkningar. På grund av att Mathworks var med om ett Ransonm-
ware attack under denna period fanns inte möjligthet att testat tillägget. Tror dessa be-
gränsningar visade modellen att ha potential som ett kraftfullt verktyg för att undersöka
prestandan, distribuera kraften mellan hjulen, olika körlägen och styrninds algorithmer
utan att ha fysisk hårdvara.
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Acronyms and Abbreviations

AC Alternating Current.

BJT Bipolar Junction Transistor.

BLDC Brushless Direct Current Motor.

BMS Battery Management System.

CAN Controller Area Network.

DC Direct Current.

ESC Electric Speed Controller.

FOC Field-Oriented Control.

I2C Inter-Integrated Circuit.

IGBT Insulated-Gate Bipolar Transistor.

Li-ion Lithium-Ion.

LiFePO4 Lithium Iron Phosphate.

MATLAB/Simulink MATLAB/Simulink.

MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor.

PAS Pedal Assist System.

PID Proportional-Integral-Derivative.

PWM Pulse Width Modulation.

RPM Revolutions Per Minute.

UART Universal Asynchronous Receiver-Transmitter.

WLTP Worldwide Harmonized Light Vehicles Test Procedure.

iv



Contents

Acronyms and Abbreviations iv

1 Introduction 1

1.1 Motivation, Purpose and Goals . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Motivation: . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 Purpose: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.3 Goals: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Delimitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Technic background 3

2.1 The electric bicycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2 Swedish law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3 Theoretical background 6

3.1 Powertrain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.1.1 Electric motors . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3.1.2 Back-emf . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.1.3 Motor controller . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.1.4 FOC vs BLDC commutation control . . . . . . . . . . . . . . . 10

3.1.5 Proportional–Integral–Derivative controller . . . . . . . . . . . 12

3.1.6 Regenerative braking . . . . . . . . . . . . . . . . . . . . . . . 13

3.1.7 Li-ion Battery . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.1.8 Li-ion BMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2 Sensors and communication protocol . . . . . . . . . . . . . . . . . . . 17

3.2.1 Communication between devices . . . . . . . . . . . . . . . . 17

v



3.2.2 Strain gauge . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.3 Cadence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Forces exerted on the rider . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3.1 Aerodynamic drag . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3.2 Rolling resistance . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3.3 Gradient resistance . . . . . . . . . . . . . . . . . . . . . . . . 20

3.3.4 Parameters that changes by terrain . . . . . . . . . . . . . . . . 21

4 Method and simulation 22

4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.2 Hardware and components . . . . . . . . . . . . . . . . . . . . . . . . 22

4.3 Software and development tools . . . . . . . . . . . . . . . . . . . . . 22

4.4 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.4.1 Test speci�cation . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.4.2 Overview of the whole model . . . . . . . . . . . . . . . . . . 23

4.4.3 Resistance and forces . . . . . . . . . . . . . . . . . . . . . . . 23

4.4.4 Different terrains . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.4.5 Constant load . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.4.6 Drivetrain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.4.7 Drive cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.4.8 Subsystems . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

5 Results and Discussion 32

5.1 WLTP 1, at different incline . . . . . . . . . . . . . . . . . . . . . . . 32

5.1.1 Summary of the WLPT drive cycles . . . . . . . . . . . . . . . 34

5.2 Different power distribution and riding modes . . . . . . . . . . . . . . 35

vi



5.3 Step response of the system . . . . . . . . . . . . . . . . . . . . . . . . 36

5.4 Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

6 Conclusions 38

6.1 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

A Appendix 42

vii



1 Introduction

1 Introduction

In today's market, the number of electric bicycles sold in Europe has been steadily
increasing. In 2023 an impressive 5.16 million units were sold [2]. This volume of
electric bicycle sales has doubled since 2018, highlighting a distinct trend. The reason
for this growth is the inherent potential of the electric bicycles. The advantages includes
extended user range, improved mobility and reduced dependency on traditional modes
of transportation.

This report presents a study aimed at designing a Simulink model for electric bicycles.
The objective is to enhance understanding and expedite the development of an electric
drive train for electric bicycles. The idea and work were commissioned by Nuxon Mo-
bility, a startup comprised of only a few individuals who share a profound passion for
micro-mobility. Nuxon mobility is in the process of developing their new electric bicy-
cle that employs a new type of electric propulsion, which offers numerous advantages.
One of the notable features of the bicycle under development is the implementation of a
two wheel drive system. Unlike the conventional only using single-wheel drive, Nuxon
mobility product will be propelled by both the front and rear wheels. This design has
the potential for distributing the load across the front and rear wheels, depending on
factors such as environment and selected rider mode.

1.1 Motivation, Purpose and Goals

1.1.1 Motivation:

A two-wheel-driven electrical bike holds signi�cant potential that can be uncovered.
Simulating the e-bike facilitates faster development and provides for a clearer analysis
of the various parameters that affect its performance. For the purpose of the Nuxon
Mobility, such a model could reduce the cost and time required for development.

1.1.2 Purpose:

The purpose of this project is to gain an understanding of how to develop a dual wheel
driven electric bike with the possibility to use multiple motors in MATLAB/Simulink
to accelerate development process. Furthermore, it explores how an adaptive driving
modes can be implemented a dual wheel driven electric bike.
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1 Introduction

1.1.3 Goals:

The goal of this project is to simulate the electric bicycle along with its main compo-
nents, such as Brushless Direct Current Motor (BLDC), motor controllers, peripherals
and a battery pack. The model is also meant to take in to account forces that would act
on the rider and bike, this includes air resistance, rolling resistance, inertia and slope
resistance. Within the model, the potential to incorporate an algorithm to adjust the
proportional power distribution between the front and rear wheels should be possible.
Additionally, the model incorporates different types of environments to simulate sce-
narios such as surfaces, hill climbing, downhill descent, and more.

• The model should be easy to understand and its parameters should be able to
changed by a technical user.

• The model should be reliable.

• Different terrains settings.

• Different con�gurations should be modularized to make the model be easy to
adjust and tuned.

• Modular for different con�guration.

• How external peripherals affect power and energy consumption.

1.2 Delimitations

Some of the known delimitations include reducing the complexity of some components
to decrease the computational load. Human input will be simpli�ed as an ideal torque
source that can be adjusted via a PID controller and max torque limits.

2



2 Technic background

2 Technic background

2.1 The electric bicycle

The electric bike in today's society has gained a substantial amount of popularity thanks
to its ef�cient mode of transportation and increased accessibility. By adding electric as-
sistance in form of an electric motor and powertrain into a conventional bicycle, accessi-
bility is improved by signi�cantly reducing physical effort and enhancing mobility. An
electric bike offers two primary methods of assistance for the rider, pedal assist or throt-
tle control. The components that help propel the electric bike forward can be grouped
and are referred to as the powertrain. In addition to the powertrain, various sensors,
microcontrollers, and other essential components contribute to the overall functionality
and performance of the electric bike.

(a) Noll go
(b) Noll go electric handlebar view with de-
scriptive text

Figure 2.1Nollgo electric bike detailing main parts

The main components of an electric bike include, but not limited to the following:

• Battery pack

• Electric motor

• Motor controller

• Sensor

• Pedal assist system

• Display

3



2 Technic background

A battery pack stores the energy used to propel the electric bike forward and power
sensors and other subsystems. Inside the battery pack there are multiple smaller battery
cells that are wired in such a way to achieve the desired voltage and capacity. Fur-
thermore, a battery pack also contains a Battery Management System (BMS), which
is crucial to monitor and maintaining the safety of the battery pack. For example, it
is meant to shut down the battery in the case of overheating or if the electric bike an
abnormal amount of electrical power.

The electric motor converts electrical energy from the battery into rotational mechanical
energy that is then transferred through gears, chains, or belts to the wheel. There are
several different motors types that electric bicycles utilizes. Hub motors are located
within the wheel that are cheap and ef�cient, then there is mid-drive motors that are
mounted inside the bottom bracket by the pedals and drives the crankshaft which often
are more compact and not as cost ef�cient. Both motor types have in common is that
they are permanent magnet motors that require Alternating Current (AC) voltage across
their three inputs.

The motor controller is the component that is connected between the motor and battery
pack. It takes the Direct Current (DC) voltage from the battery pack and turns it to
AC voltage for the motor. Motors controllers have many different type control methods
depending on the complexity of the controller. Some motor controller also have the pos-
sibility to not only accelerate but also de-accelerate and turning the mechanical energy
back to electrical energy for the battery pack.

Sensors inside an electric bike are utilized to optimize the performance. Some of these
sensors can be torque sensors and cadence sensors but of course not limited to. These
two sensors are used to determine of the rider is actually pedalling or not.

The torque sensor measures the torque that is added on to the pedal by the user, this can
then used to detriment how much the electric bike should assist the rider.

Cadence sensors detects the rate at which rider pedaling, with this the electric bike can
determine if the user is actually pedaling thus being able to assist the rider.

Pedal Assist System (PAS) (PAS) is the system that automatically regulates how much
the electric bike is going to help the rider and at the same time making sure that the
bike doesn't exceed any regulation speed. More then often a PAS have multiple settings
depending on if the range or power is prioritized which can be called riding modes.
These settings are typically controlled via some type of display or interface that the
rider can easily interact with.

Communications between these devices are crucial for maintaining safety and function-
ality. There are many types of communication protocol like, I2C, CAN bus and UART
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2 Technic background

but one of the most commonly used for vehicles in general is CAN bus thanks to its
robustness and high data speed.

2.2 Swedish law

The Swedish law that de�nes what an electric bike is very similar to the rest of the EU.
To be classi�ed as an electric bike, the electric bicycle may only amplify the force gen-
erated by pedalling or the crank mechanism and must not provide any additional propul-
sion at speeds exceeding 25 kilometres per hour. The maximum continuous power that
the powertrain can supply is250 W. But this doesn't mean that the the peak output
power of the motor can exceed250 W. Other then the motor powertrain restriction the
rules only states things like braking distance, lights and visibility. [3]
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3 Theoretical background

3 Theoretical background

Different from an ordinary human powered bicycle, an electric bicycle is driven by
battery. Understanding the electric bike powertrain is crucial for maintenance and per-
formance optimization. The powertrain of an electric bike (e-bike) consists of several
key components that work together to provide propulsion and control. Key components
include the electric motor, battery, controller, and drivetrain. Each component plays a
signi�cant role in guaranteeing effective operation of the e-bicycle.

3.1 Powertrain

A powertrain of an electric bicycle is added to help the rider by converting the stored
energy in the battery into mechanical energy through the electric speed control which
controls the motor which powers the wheel. The main components required are electric
motor, motor controller, battery pack, sensors and some type of logical processor. The
components and how they are connect are illustrated in �gure 3.1.

Figure 3.1Powertrain block diagram for each component and feedback loops

3.1.1 Electric motors

The electric motor converts electrical energy into mechanical power by creating an al-
ternating magnetic �eld which interact with the rotor. The Magnetic interaction between
the rotor and stator induces torque which rotates the rotor.

There are many types of electric motors and the most commonly used one for electric
bicycles is BLDC as they are lightweight, high power and ef�cient.

A BLDC motor consist of 2 main parts, a rotor and stator. Figure 3.2 illustrates the cross
section of an BLDC motor with all its main components.
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3 Theoretical background

Figure 3.2BLDC motor overview showing windings and magnets [4]

• The stator it self consist two parts, stator core and stator windings. The stator core
is made out of multiple layers of stator steel, thin sheets of steel are stacked on top
of each other to reduce the eddy current loses that occurs when a metal experience
a change in magnetic �eld and theses losses creates unwanted heat and decreases
the overall ef�ciency of the motor. The windings are more than often made out of
copper wire that are coated in an thin insulated material and are placed in slots of
the stator. The wires are often wounded with three phases 120� in either star or
delta con�guration[5].

• The rotor consist of two parts, the rotor core and the magnets. The rotor core is
meant to hold the magnets and transfer the rotational energy created by the stator
windings and magnets to the application. The magnets are placed to the rotor core
with alternated magnetic poles.[5].

3.1.2 Back-emf

There are a few limiting factors on how fast a BLDC motor can spin, but for this thesis
the only interesting part is the relation between the back-EMF and battery pack voltage.

Back electromotive force, commonly referred to as back-EMF, is the voltage induced
in the stator windings due to the rotational motion of the rotor. The induced voltage if
measured can be described as being trapezoidal form, as seen in �gure 3.3 The induced
voltage can be explained by invoking Faraday's law of electromagnetic induction. This
law states that when a conductor is subjected to a changing magnetic �eld, a voltage
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3 Theoretical background

will be induced. Equation 3.1 describes how the electromotive force emf increases with
a change in the magnetic �ux which is induced due to the rotation of the rotor and
alternative mounted magnets. The change in magnetic �ux is related to the rotational
speed and Back EMF constants 3.2. This induced voltage would oppose the voltage
from the motor controller, which causes the voltage potential over the motor windings
decreases as the speed increases. [6]

E = � N
d�
dt

(3.1)

Eb = ke � ! (3.2)

Figure 3.3Back EMF, phase current and rotor position [5]

A simpli�ed model of this is illustrate in �gure 3.4 where the back-EMF behaves like
a voltage source. As the back-EMF increases, the voltage potential across the motor
windings, markedRmotor , results in a decrease in of the potential, thereby limiting the
current. At a certain point the voltages will reach a equilibrium where the back-EMF
is equal to the voltage supplied from the controller, this results to that the max speed is
reached. This is the reason as how the voltage of the battery decrease the max speed
decreases [7].
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3 Theoretical background

Figure 3.4Simpli�ed view of Back EMF in an electric motor [7]

3.1.3 Motor controller

Inside a motor controller there are six switching devices, the most commonly used
switching devices are MOSFETs and for higher power cases IGBT are used as they
manage higher voltages and current.

Figure 3.5 shows the topology of a electric speed controller, where each switching de-
vice is numbered asT1, T2, T3, T4, T5 andT6. Switches one to three is so called high
side switches which connects the high side voltage of to a phase while switches four to
six connects the phase to the low side also known as ground. To energize phase A and
phase B the switchesT1 andT5 or T2 andT4 depending on which direction the current
is to be supplied [8].
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3 Theoretical background

Figure 3.5Electric speed controller topology from [8]

3.1.4 FOC vs BLDC commutation control

There are different control methods to deliver the three phase voltage to the BLDC
motor, two of these are called FOC or BLDC commutation control. FOC stands for
Field-orientate control and uses the position of the rotor and mathematical transforma-
tion to control the motor. This method is more computable heavy has its upside. FOC
ensure smoother operation higher ef�ciency, better low speed performance higher, lower
controller losses and more precise torque control [9]. Figure 3.6 illustrate a results from
a study made by [9] examining the losses inside the MOSFETs of the inverter, on the
low side of the losses decreased by roughly 70 % and on the high side decreased with
roughly 10 %.

A FOC controller begins by measuring the rotors position and phase currents. The ro-
tors position can be measured using hall sensors, encoders or sensorless by measuring
the back-EMF. By knowing the rotor position and phase currents a clark and park trans-
formation converts the three phase current into two perpendicular components, d-axis
and q-axis. d-axis is known as direct axis and is aligned with the rotor �ux while q-axis
called Quadrature axis and is perpendicular to the rotor �ux. A PID controller is used
to controller the amplitude of the requested d-axis and q-axis, the controlled d-axis and
q-axis is then inverse park and clark transformed. Last step before the power inverter is
to a PWM signal, its bene�cial to use space vector PWM. Using space vector PWM en-
ables the possibility to run the motors at a higher speed with the help of �eld weakening

10



3 Theoretical background

Figure 3.6FOC VS BLDC commutation losses from [9]

[10].

Figure 3.7FOC topology [10]
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3 Theoretical background

In contrast normal BLDC commutation works on the principal of using trapezoidal com-
mutation. The BLDC motor controller starts with �nding the rotor position with either
hall sensors or sensorless positioning by reading the back-EMF7gt created by the motor.
When the motor controller knows the rotor position it will open and close the inverter
switch according to a table. Figure 3.1 presents a table that illustrates each sequence
and how the switches should behave [4].

Switching Interval Sequence Pos. Sensors Switch Phase current
In Degree Number H1 H1 H3 Closed A B C

0-60 0 1 0 0 Q1 Q4 + - Off
60-120 1 1 1 0 Q1 Q6 + Off -
120-180 2 0 1 0 Q3 Q6 Off + -
180-240 3 0 1 1 Q3 Q2 - + Off
240-300 4 0 0 1 Q5 Q2 - Off +
300-360 5 1 0 1 Q5 Q4 Off - +

Table 3.1Switching Sequence and Phase Current Table [4]

3.1.5 Proportional–Integral–Derivative controller

The most commonly used controller algorithm used in today's industry are know as Pro-
portional–Integral–Derivative (PID) controller due to their simplicity and robustness.
The algorithm comprises of three parameters, Proportional, Integral, and Derivative. A
PID algorithm can be described as seen in 3.3 where the proportional parameter depends
on the present error, integral depends on the accumulated past error and lastly derivative
which predicts the error in the future by looking at the rate of change. PID controllers
can be used without some of the parameters, such as a PI, PD, or just a P controller
depending on the application. [11]

U(t) = K P e(t) + K I

Z t

0
e(� )d� + K D

de(t)
dt

; (3.3)

The PID control loop can be described as an block diagram shown in �gure 3.8 and
�gure 3.9. Where the input in the system is labelledR(t ) , the outputs isy(t) and lastly
e(t) which is the feedback from the outputs. Figure 3.9 shows a detailed block diagram
where each parameter are shown. The feedback from the output is compared with the
input, before each of the parameters are calculated and the total system output is added.
[11]
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3 Theoretical background

Figure 3.8simpli�ed block diagram of a PID controller [11]

Figure 3.9Block diagram in detail of a PID controller [11]

There are two different methods of how a PID loop can be utilized there is the open-
loop vs closed-loop systems. Figure 3.10 describes the two different systems. A Open
loop systems can not correct its output if a variation is applied, so for a certain input
the output of the system will be also be constant. A closed loop system can instead
correct these variations due to its active feedback loop that which results in a robust and
adaptive control loop. [11]

3.1.6 Regenerative braking

Regenerative braking is a method used to convert mechanical power back into electrical
power by operating the motor as a generator. This method of braking is highly used on
almost every type of electric vehicle, everything from electric trucks, cars and micro-
mobility. The primary advantage of using regenerative braking is that the mechanical
energy can be turned back into electrical energy whiles ordinary brakes would just turn
it in to heat. Regenerative braking offers the possibility to con�gure the behaviour of
the braking strength. [12] Figure 3.11 shows the SOC during a certain drive cycle and
how the SOC is greatly affected by utilizing regenerative braking.
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3 Theoretical background

Figure 3.10Comparision between open and closed loop pid controller [11]

Figure 3.11SOC with Regenerative braking and only mechanical braking [12]

3.1.7 Li-ion Battery

One type of battery pack used in electric bikes are Li-ion battery pack. A battery pack
consist of multiple smaller Li-ion cells that depending on the voltage and capacity re-
quired, are con�gured by adding battery cells in series and/or in parallel. By adding
battery cells in series, the voltage increases, adding cells in parallel increases the ca-
pacity. The total energy stored in a battery pack is de�ned by its energy capacity. The
energy of a battery pack, by multiplying the voltage and with the capacity 3.4 the total
energy of the battery can be calculated. Figure 3.12 is an analogy of how the energy
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is proportional to both capacity and voltage of the battery packs [13]. So if the volt-
age increases and the capacity stays the same the total energy increases, if the capacity
increases and voltage stays the same the total energy capacity increases.

Energy[W=h] = Capacity[Ah] � V oltage[V] (3.4)

Figure 3.12Li-ion battery capacity principal
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3.1.8 Li-ion BMS

A crucial part of a Li-ion battery pack is the Battery Management System (BMS). The
BMS is speci�cally designed to monitor the state and health of the battery. Some of the
features typically found in a BMS are:

• Over current protection

• Over voltage protection

• Under voltage protection

• Short circuit protection

• Temperature reading

• Voltages between cell pairs

• Balancing the cell pairs

The Battery Management System (BMS) implements these features by continuously
monitoring the battery pack's voltage and the current �owing in and out of the battery.
Depending on the model and how advanced the BMS is different features are available.

A good example is the BMS nuxon mobilty used during prototyping is the Daly Smart
Lifepo4 BMS. It supports both Lifepo4 and Li-ion battery, up to 16 cells in series and
40 A continues [14]. It utilizes a MOSFET to connect and disconnect the negative ter-
minal of the battery pack to the charger and output port. In combination reading the
current, voltage and controlling the negative terminal of the battery, the BMS is able to
protect the battery pack from over voltage, under voltage, over current and short circuit
protection. As seen in Figure 3.13 the BMS has connections between each cell. This
con�guration ensures that each cell pair maintains the correct voltage and is closely
matched in voltage to the other cell pairs.[15]

A Battery Management System (BMS) cannot, protect the battery from all types of
failures. However, it is designed to mitigate various factors that can contribute to battery
failure. External factors such as heat, water or impact damage are inherently dif�cult to
mitigate but a BMS can play a crucial role in minimizing their effects. [14]
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Figure 3.13Dalys BMS, example of connection [14]

3.2 Sensors and communication protocol

The modern electric bicycle relies on various types of sensors and microcontrollers.
These sensors are an essential component of the electric bicycle and are necessary to
achieve the desired performance. Some of these sensors and systems include cadence
sensors and strain gauges. A microcontroller is employed to read this data and commu-
nicate with other systems within the bicycle. More often than not, the communication
protocol used for real-time interaction between these devices is the CAN bus.

3.2.1 Communication between devices

The Controller Area Network (CAN) bus is a message based communication protocol
that is widely utilized in the automotive industry. The advantages of using the CAN bus
include, but are not limited to, the following:

• Simple and robust system

• High data rate

• Resistant to electric magnetic interference

• Reduces the amount of cables needed
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• Highly ef�cient

• Different devices have different priorities

The main feature that makes CAN bus such a robust and stable system is the usage
of differential signaling, meaning that each data pulse will have both a positive and
negative signal. The CAN bus has two states, recessive and dominant. To achieve a
recessive state, both data channels, CANH and CANL, must be at their idle voltage,
typically at2:5 V, though not exclusively. To achieve a dominant state, CANH must be
higher than the idle voltage, approximately3:5 V and CANL has to be lower then nom-
inal voltage like1:5 V thus creating a voltage difference between CANH and CANL
of 2 V. This principle is illustrated in �gure 3.14 where a driver input sends a signal
through CANH and CANL, and the receiver output displays what was received on the
other side. By employing this method, electrical interference can be effectively miti-
gated within the system, as any electromagnetic interference would impact both CANH
and CANL equally. Thus the potential difference remains constant [16].

Figure 3.14CAN bus traf�c, Driver input, reciever Output, CANH & CANL [16]

3.2.2 Strain gauge

A strain sensor is a device that measures the electrical resistance that varies with the
strain imposed on the sensor. Strain is de�ned as the deformation or displacement of
a material when stress is applied. To measure the strain applied to a strain gauge, an
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electrical circuit must be integrated; a Wheatstone bridge is utilized for this purpose. To
use this bridge, a voltage is applied across the bridge, and an output voltage is measured
across it 3.15. When there is no load, the bridge outputs a constant voltage that depends
on the con�guration. However, once a force is applied to the strain gauge, a small but
noticeable voltage variation occurs, which is dependent on the con�guration [17]. Due
to the small change, a standard microprocessor may not be able to measure it directly,
so it is crucial to have an ampli�er circuit. A good example of such a circuit is the
HX711, which is an analog-to-digital converter with 24-bit precision and a gain of up
to 128 [18].

Figure 3.15Two representation of a wheatstone bridge [17]

3.2.3 Cadence

The cadence sensor is utilized in electric bicycles to measure the speed of the pedals
and direction of the pedals. By utilizing hall sensors, magnets and a micro controller
the pedals speed can be calculated. As per the Swedish law that is enforce by the
Swedish Transport Agency an electrical bicycle is not allowed to engage the electrical
engine without any pedaling power that is added by the user or when the bicycles speed
is above 25km/h [19]. A Cadence sensor consist of two parts, the hall sensor and the
magnet ring. The magnet ring consist of a ring which is mounted on the pedal axle, on
this ring a certain amount of magnets are mounted. The hall sensor are mounted on the
frame of the bicycle in parallel to the magnet ring. When a magnet on the ring passes the
Hall effect sensor, the hall sensor gets excited and a signal from the hall sensor is sent to
the microcontroller. The microcontroller then calculates the pedal speed by measuring
the time interval between the passage of the two magnets. [20]
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3.3 Forces exerted on the rider

Several forces exerted on the rider are discussed in this section are air resistance, rolling
resistance, gradient and different terrain.

3.3.1 Aerodynamic drag

The aerodynamic drag acting on the rider is de�ned with formula 3.5, it takes account
theCd which is the drag coef�cient. The drag coef�cient is a measure that quanti�es the
resistance an object experiences as it travels through a medium. The medium called�
which in this case is air, the density of air is a almost constant value and can be assumed
under condition of 15 c and at sea level is 1.2250kg=m3 [21]. A is the combined frontal
area of both the bicycle and rider. Lastly, the speed which isv and then there is the
speed of the wind,Vw which is either headwind or tailwind depending on if the value of
Vw is positive or negative.

Fair =
cd � A � � air � (v � vW )2

2
(3.5)

3.3.2 Rolling resistance

The rolling resistance that acts on the rider and bicycle is de�ned in formula 3.6.Cr

represents the coef�cient of rolling resistance, which can depend on the terrain and on
ground. The coef�cient of rolling is then multiplied by the combined mass of both rider
and bicycle. Lastly� H is difference in heights between two points which is added into
a cos and tan inverse function.

Froll = cR � m � g � cos
�
tan� 1(� H )

�
(3.6)

3.3.3 Gradient resistance

Another critical force is the gravitational force acting on the rider and bike which is also
affected by the gradient road. Formula 3.7 describes how to calculate the force. The
mass of the rider and bike is multiplied by the gravitational force. In the expression
sin (tan� 1(� H )), � H is the height difference.
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Fslope = m � g � sin
�
tan� 1(� H )

�
(3.7)

3.3.4 Parameters that changes by terrain

The parametersCr from equation 3.6 andA from equation 3.5 are variables that can
change depending on riding style and riding environment. These parameters affect the
overall total force required to propel the bike forward. The data for the different riding
terrains such as asphalt, �ne gravel and course gravel was sourced from research made
by Daniel Meyer, Gideon Kloss and Veit Senner [21].

Figure 3.16Parameters that changes depending on the terrain [21]
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4 Method and simulation

4.1 Overview

For this section of the paper, the methodology employed for model development will be
discussed. To increase readability and easy of use for future expansion the model was
created in several subsystems.

4.2 Hardware and components

For these simulation the only hardware needed is a computer, to execute longer and
more complex simulation it is recommended to have more than 16 GB of ram. The
computer that was used for these simulations had the following speci�cation:

• AMD Ryzen 7 5800X

• 32 GB ram

• Nvidia RTX 3070 Ti

• 2 TB SSD storage

4.3 Software and development tools

The software that was used for all of the following simulation were MATLAB/Simulink
which is created by Mathworks. Matlab is a High level programming and numeric
compute environment that is widely used for engineering and scienti�c applications.

Simulink is an extension for MATLAB that utilizes graphical environments to allow the
user to build and construct models as a block diagram. This increases the readability
of the code as different type of signals such as physical and electrical all have different
colours and attributes. More than that, subsystem can be created to reduce its foot print
and readability. Within Simulink there are lots of different modules that can be used
such as Simscape, Simscape electrical and hardware integration to systems like FPGA.
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4.4 Implementation

4.4.1 Test speci�cation

The purpose of this paper is to create a MATLAB/Simulink model of the drivetrain for
an electric bicycle and is meant to mainly help Nuxon mobility develop their bicycle.
The MATLAB/Simulink model is intended to represent a real life electric bicycle as
closely as possible but some components are simpli�ed to reduce complexity of the
simulation. The parameters that were predetermined was the following and are de�ned
within the MATLAB data �le A. Magnus Lindahl at Nuxon Mobility decided these
parameters to represent the bicycle in development as closely as possible while not
revealing too much sensitive information A.1.

• Rider weight: 80kg

• Wheel size: 24 inches

• Total peak motor power: 500W

• Nominal battery voltage: 22.2V

• Battery max capacity: 280Wh

• Number of motors per wheel 1

4.4.2 Overview of the whole model

The software used to create the model is MATLAB/Simulink, within the MAT-
LAB/Simulink an addon called Simscape Electrical is used. In Figure 4.1 the entire
model is shown, each wheel is inside their own subsystems that contains the motor and
motor controller, the human interaction, battery, and the forces acting on the rider and
bike are all in there own subsystem. Lastly a subsystem is used to log and display all
the data of interest.

4.4.3 Resistance and forces

The external forces acting on an electric bicycle must be accurately simulated. This is
implemented by using math blocks and a block referred as ideal torque source. This is
a Simscape Electrical block that adds a torque to the shaft of a spinning machine. The
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Figure 4.1Complete system including, battery pack, wheel unit, scopes and load forces

input to the added torque block relies on a negative numbers which will be proportional
to the torque added to the output in terms ofN m� 1 in the opposing direction on the
drivetrain. The forces chosen to be implemented are aerodynamic drag, inertia, rolling
resistance, grade resistance and different terrains 4.2.

(a) Load and measurement subsystem(b) Resistance subsystem
Figure 4.2The complete subsystem of the Load and measurement including the resis-
tance subsystem
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Inside the MATLAB/Simulink model the total resistance inherited on each of the electric
motors is made inside the resistance block that is placed inside the Load and measure-
ment block. First step is the need to know the speed of the bicycle that is done by using
the motion sensor which is then converted to rpm and lastly using subsystem rpm2ms
the actual bike speed can be calculated. The speed will affect the resistance created
by aerodynamic drag, rolling resistance the gradient forces. After each resistance is
calculated inside the sub blocks,add blocks are used to sum the total force acting on
the bicycle. Finally, the force exerted on the rider and bicycle must be converted back
from N to rotational torqueN m� 1. This conversion is accomplished by multiplying the
calculated force by the radius of the wheel.

4.4.3.1 Rolling resistance To recreate the rolling resistance in Matlab/Simulink
we follow the formula 3.6 and uses a Switch block to determine if bicycle is in move-
ment and if the rolling resistance force should be applied. Based on the input positioned
in the middle of the Switch block, the output is either passed through from the �rst in-
put or directed from the third input. In this case, the switch is con�gured to connect
the output to the �rst input if the speed is greater than0:1 m=s otherwise, the output is
connected to the third input. The two constants connected to the �rst and third inputs
are one and zero, respectively. The last two blocks connected is a gain block which has
the formula 3.6, a rate limiter is used to decrease rate of change to reduce any spikes
that could be unnatural.

Figure 4.3Rolling resistance made in MATLAB/Simulink model

4.4.3.2 Aerodynamic drag The aerodynamic drag that affects on the systems is
derived from the formula 3.5 but as any type external wind is ignored in form of a head
or tail win, the variablevW can be set to zero. To increase the readability of the equation
I have chosen to split the equation in many smaller parts. By using the math block we
are able to take the speed squared, then multiplied with the density of air refereed to
� air . Lastly a multiplication blocks multiplies with the cross area of the bicycle and
rider, andcd is the drag coef�cient.
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Figure 4.4Aerodynamic drag made in MATLAB/Simulink model

4.4.3.3 Grade resistance Like the formula for aerodynamic drag grade resis-
tance also uses switch block to determine if the speed is above 0.1m=s. But for this
case the case is either the degree of the slope which is a variable. The formula for grade
resistance 3.7 uses radians so a degree to radians block followed by a math sin function
block. Lastly a gain block that multiplies the gravitational force times the total mass.
Same as for aerodynamic drag we also adds a rate limiter to reduce and spikes.

Figure 4.5Matlab/Simulink model of the grade resistance

4.4.4 Different terrains

The various terrain parameters were obtained from the research conducted by Daniel
Meyer, Gideon Kloss, and Veit Senner. The parameters were selected by altering the
variable condition in the MATLAB data �le. A.

1. Case 1: For normal conditions, asphalt and normal riding posture

2. Case 2: For light off road conditions, Coarse gravel and leaning a lot forward

3. Case 3: For off road conditions, Fine gravel and leaning a bit forward

4. Otherwise: Just a safe case if no conditions is chosen

4.4.5 Constant load

All bicycles have some peripherals that consumes power from the battery, that is why
a constant load subsystem was added were amount of load is determined by the size of
variableperipheralsLoad
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Figure 4.6Constant load simulation, includes lights, screens and more

4.4.6 Drivetrain

4.4.6.1 Battery Pack The battery pack subsystem consists of a battery block that
has three ports, positive, negative and a port that reports the remaining capacity in the
units coulombs. To calculate the State of Charge (SOC) a simple divide block is used
to divide the remaining capacity by the total capacity times 3600. Two current measure
blocks and two voltage blocks are added, Mean value block is added to reduce the spikes
and get the mean value of the currents and voltage.

(a) Matlab/Simulink model
of the batterypack (b) Matlab/Simulink subsystem of the batterypack
Figure 4.7The complete subsystem of the batterypack

4.4.6.2 Electric speed controller and motor The electric speed controller and
motor for each of the wheels are integrated into a subsystem referred as Motor and
Motor Controller. Depending on how many motors each wheel uses the Motor, inverter
and hysteresis controller can be duplicated and connected shown in �gure 4.8b where
2 motors are used in one of the wheels and a third is commented out to visualize how
the model can be recon�gured. The controlling factor for the amount of motor power is
the rider input added which is is calculated from the human interaction subsystem. The

27



4 Method and simulation

entire subsystem is based on the BLDC Hysteresis Current Control made by Matlab
[22], some modi�cation were made to incorporate the functionality that was wanted.
The reason why the hysteresis controller was used was for its simpli�ed structure and
it decrease the computable load of the simulation. The subsystem have three inputs and
one output shown in Figure 4.8a. The inputs are the positive and negative terminals
from the battery and then the WLTPSPEED that is requested speed. It's output are C
which is the rotation axle from the motor which is a physical wiring.

(a) Matlab/Simulink model
of the front wheel drive train
subsytem

(b) Matlab/Simulink inside the subsystem of the front wheel drive
train illustrating its con�gurablility

Figure 4.8 The complete subsystem of the drivetrain for a wheel with 3 motors and
motor controllers

Inside the subsystem, there are two main components, the PID controller, and the mo-
tor, inverter and hysteresis controller subsystems 4.8b. The PID controller requires
the torque of the motors measured with a Ideal torque sensor block and the requested
torque. To ensure that the physical rotational forces generated by the motor align with
the wheel's speed, a gearbox is used to match the motor speed matches the wheel speed.
After the gearbox a torque sensor is used for the torque control.

The PI current controller operates as a closed loop controller, that takes the request
torque and multiplies it by a constant chosen by the user and compares it by the torque
create from the motors in each wheel subsystem. The PI controllers output is the request
current that each motor controller and motors are supposed to operate at.
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Figure 4.9Motor, inverter and hystersis controller subsystem

Figure 4.10PID current controller

The Motor, inverter and Hysetersis controller subsystem is based on Matlabs own BLDC
hyseteresis current control example [22]. Where the wanted current Is from the PI
controller goes in to the Hysteresis controller. The output of the hysteresis controller
represent the switch states for the inverter also called switch state signal. Then a small
subsystem called gate driver is used to convert the switch state signal to gate control
signal. The inverter by using the voltage from the battery and gate control signal creates
a the phase currents for the BLDC motor. Between the inverter and BLDC motor there
is a three phase current meter that is used for the hysteresis controller.

4.4.6.3 Human interaction To simulate the power contributed by the rider
through pedaling, a subsystem called 'human interaction' is implemented. The data
input for the subsystem is the requested speed, it has the unitsm=s and thus has to
be converted into rpm. The PI controller compares the speed of the pedals to the re-
quested speed and outputs a torque component to the ideal torque source which creates
a mechanical rotational physical signal. 4.11.
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Figure 4.11Simpli�ed torque model of human rider

4.4.7 Drive cycle

For these types of simulations, we also need some type of drive cycle data to simulate a
drive cycle. In Matlab/Simulink a drive cycle block were either WLTP data or a custom
drive cycle data can be used. One downside of the WLTP drice cycle is that there is no
drive cycle that is meant to correspond to electric bicycle or even normal bikes. Due to
this a dividing block was added in series to reduce the speed of drive cycle to something
achievable by a biker.

(a) Matlab/Simulink drive cycle block(b) Matlab/Simulink drive cycle block menu
Figure 4.12Drice cycle block and its settings menu
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4.4.8 Subsystems

Several subsystem was created to facilitate the creation of MATLAB/Simulink model,
these subsystem are small and simple. One of those subsystems is a subsystem that turn
the rotational speed to linear speed, its made out of two simple gain block that uses the
formula 4.1,

v =
2�r � RPM

60
(4.1)

Figure 4.13Subsystem of ms2rpm

Figure 4.14Inside the subsystem of ms2rpm
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5 Results and Discussion

Within this section the result of the electric bicycle simulation will be presented and
discussed. Multiple simulation was executed to and prove the models feasibility. The
main simulation that was conducted and shown in this sections are, WLTP drive cycle 1
with different slopes of incline, step responses with different torque distribution and how
the model responded to change of speed. A important aspect from simulation results are
that there is no regenerative braking was utilized, the reason for this is the lack of a real
WLTP bike cycle where an input for the rider braking would be needed.

5.1 WLTP 1, at different incline

Multiple simulation running the entire WLTP 1 cycle showed great potential, 0, 1, 3 and
5 degree incline slope. As mentioned in the method the speed requested by the WLTP
drive cycle was divided by 2.5 to facilitate a more reasonable speed for an bicycle.
The max speed for the WLTP 1 divided by 2.5 was just below 7 m/s which is roughly
25 km/h. The total simulated time is 1022 seconds and took roughly 4 hours to run.
As discussed in the 3 the WLTP drive cycles is not meant to be used for electrical
bicycles but instead electric vehicles, thus our drive cycle does not represent fully how
an normal electric bicycle would be used. Data of this nature could have been recorded
and incorporated into the model if the necessary resources had been available. The
parameters that were set for these simulations can be found in A.

(a) 0 Degree (b) 1 Degree (c) 2 Degree (d) 5 Degree
Figure 5.1WLTP cycle, RPM result for the four main simulation, green = wheel RPM,
Blue dotted = Requested speed, red dotted = Bike speed

The �rst graphs from each simulation might look a bit redundant but they do verify the
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functionality of the drivetrain and that the bike achieves the requested speed. In �gure
5.1, eight graphs illustrates the RPM of the wheel and the requested WLTP speed vs the
bicycle speed in units of m/s.

(a) 0 Degree (b) 1 Degree (c) 2 Degree (d) 5 Degree
Figure 5.2 WLTP cycle, Battery voltage, Battery current each wheel, State of charge
and total power in Watts for the four main simulation, red = Battery voltage (V), Blue
dotted = Current front (A), red dotted = current rear(A), Black = state of charge (%),
Blue = Watts (W)

A more intriguing result from the simulations is the current drawn from each wheel and
the total power consumed. Figure 5.2 has a sub�gure for each simulation, in which the
voltage potential of the battery is displayed at the top. Very interesting is the relationship
between the voltage and SOC, proving the model follows what was discussed in 3 that
the voltage of the Li-ion battery will decrease as the capacity decreases. The current in
both front and rear wheel are identical as the ratio between front and rear wheels are set
to 1:1 ratio for these simulation. The power demand seems reasonable for this type of
ride, the only simulation that used more then the limit of250 Wwas the simulation 5.2d
which was experiencing a constant2� incline. Simulation 5.2c experienced a incline
of 3� degree do also peak beyond the250 W, but only during a few moments which
is permissible as the250 W rating is the average power consumed. The SOC for the
runs are pretty clear and almost looks identical excepted the slope, during the complete
simulation with0� incline the280 W hused less than 6 percent of its total capacity while
this simulation experiencing the5� slope used less than 20 percent. From looking at the
current draw, power usage and SOC it's clear that the models is actually affected by the
incline.

The torque output is shown in each of the sub�gures at the bottom, where the red graph
is the total torque produced while the pink one illustrates the torque added. The max
torque exerted on the drivetrain for the �rst simulation with0� incline was just below
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