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Abstract 

The main objective of this project has been to design and build an electric bicycle conversion kit. 

Additionally, an AI implementation is to be developed for the conversion kit to provide assistance 

with the driving.  

The project has started with a planning phase and subsequent division of the work into different 

sub-parts. These sub-parts are motor modelling and design, controller implementation, converter 

implementation, mechanical design and smart features with AI. 

The work in each part has begun with theoretical learning, software learning and planning. Due to 

the very diverse work parts, the implementation and testing methods varies depending on the work. 

However, all work phases are a combination of software and hardware implementation.  

A working kit with an AI assist reference implementation has been achieved. However, issues with 

the converter when powering it with a battery has caused complications in the project. Due to these 

issues the self-developed converter and motor controller have not been used in the kit. Thus, even if 

a working prototype has been completed, the project has not succeeded fully according to the 

project plan. Future improvements can be made by using a more powerful microcontroller, 

troubleshooting the converter and improving the mechanics.  

All students have learned valuable technical and theoretical skills depending on which part of the 

project they have been working on. Furthermore, all students have learned about the ethics of 

working in a project, mainly teamwork and problem solving.  
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1. Introduction 
Cycling is a significant part of an active Finnish lifestyle. However, hilly landscapes might 

discourage some people of using a bike daily. An electric bike could help alleviate this problem. 

 

The idea of building an electric bike is certainly not new as the first patents on electric bikes go as 

far back as 1890. Thus, one could say that this project is certainly not the first project related to 

building an electric bike. In the past, electric motor systems have been heavy and bulky, batteries 

used to power the electric motor have had very limited capacity, and the systems have often been 

aesthetically unpleasing. However, with the technologies of today, the whole drive package 

including the battery can be made into a very small unit. Therefore, electric bicycles are becoming a 

more attractive solution for daily commutes. The main drawback of an electric bike is its price, as it 

is a hefty investment which limits its popularity among consumers.  

 

2. Objective 
The primary objective of the project has been to design and construct a universal conversion kit that 

allows an easy transformation from a regular-bike into an e-bike. The drive is not intended to be 

used as the main means of propulsion, instead it is meant to assist the user with pedaling to 

encourage a more active daily lifestyle. The secondary goal has been to implement smart features 

into the kit utilizing artificial intelligence. 

 

The expected user of the final product is any person who regularly rides a bike. More accurately 

defined, the product will focus on helping people that would like to exercise or travel more in the 

form of cycling. To ensure a satisfactory user experience, it is important that the kit is easy to mount 

and that it requires minimal maintenance, including charging the battery. It is also important that the 

smart features are easy to use for the intended users. To satisfy these requirements the project needs 

to fulfill the following performance characteristics: 

● Conversion kit should be easy to install on almost any kind of bike. 

● Cycling with the converted bike should be significantly easier than cycling with a normal bike. 

● Converted e-bike should follow the Finnish legislation, which means that the nominal motor 

power shall be limited to 250 W and the motor shall not assist the user beyond the speed of 25 

km/h. 

 

3. Project plan 
The primary goal of the project plan is to get an overview of the different phases in the project that 

needs to be completed to achieve a successful outcome. Excluding the documentation tasks of the 

project, such as business plan and the final report, the project is divided into the following phases: 

● Motor modelling. 

● Controller implementation. 

● Converter implementation. 

● Mechanical design. 

● Electrical System testing. 

● Smart features & AI. 

The project plan also includes chapters on risk analysis, quality management and work division. 



 

Page 6 of 41 

 

4.  Motor 

4.1. Motor requirements  
The e-bike kit utilizes friction between the rotor of the motor and the bike back wheel to drive the 

bike. Due to the simplicity of the mechanics, an outer rotor brushless DC motor (BLDC) has been 

chosen for this project. Furthermore, the motor performance requirements are: 

● Capable of providing an output of 250W continuous power. 

● Providing required torque to drive the bike at low speed but not from standstill. 

● Achieving rotation speeds that correspond to bike ground speed of 25 km/h. 

Calculating the torque requirement of the motor is hard in this application. The calculations require 

numerous hard to estimate parameters. Therefore, the torque requirement of the motor as a function 

of speed is not calculated. 

Calculating the motor speed requirement is a lot easier than calculating the torque requirement. The 

maximum speed that the motor needs to provide depends on the outer diameter of the rotor. In this 

case, with a rotor outer diameter of 50 mm the motor requires a KV rating of at least 118 rpm/V 

when powered with a 24 V battery.  

 

4.2. Motor simulation 
The motor is simulated using finite element method (FEM) in COMSOL. The machine simulation 

is based on the examples provided in the AC/DC module of COMSOL [7]. The specific COMSOL 

model for the analyzed machine is provided by the instructor (Victor Mukherjee) and is 

confidential. The performance of a 12-slot 10-pole outer rotor permanent magnet motor is studied in 

the simulation. The motor study is attached to this report as appendix A.  

 

4.3. Motor practical aspects 
After researching different 3D-printable materials available on the market, it is found that the 

relative permeability of the highest permeability material readily available is in the range of 𝜇𝑟 = 5-

8[1]. Using the existing COMSOL model it is quickly confirmed that the performance of a motor, 

where the yokes are made of this material will not be satisfactory for practical use.  

 

Because of the unavailability of high permeability printing materials, a motor is bought. The 

challenge is finding a motor that has low enough rpm/v ratio while still having low enough power 

rating to make the conversion kit legal in Finland. Ultimately the Turnigy SK3-5055-280 is selected 

as the motor for this project [8]. This motor has a low enough KV(rpm/volt) rating of 280 while not 

being able to output too much continuous power. 

 

5. Mechanical design 
The mechanical design prototyping process is illustrated in Fig. 1. This chapter explains the 

mechanical design prototypes and their testing. 

5.1. Initial design 

The initial design consists of the motor mounted between two parallel plywood pieces which are 

attached to the seat post with 3D-printed parts and tightened with nuts and bolts. To keep the 

plywood parts from vibrating during the motor operation, an extra wooden piece has been attached 

in the back. After testing the setup several design flaws are identified. The 3D-printed parts are 
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slightly inaccurate and do not clamp the seat post properly, the use of a rubber-like material to keep 

the seat post and 3D-printed parts in place is unsuccessful as well. Furthermore, the design places 

the motor on top of the wheel at all times. Therefore, even when the motor is idle, the inertia of the 

wheel will spin the motor. This will cause problems in regular daily operation, strain the motor 

unnecessarily and possibly hinder the control system. Another issue is related to the friction 

between the motor and the wheel. This design does not provide enough force to restrain the rotor of 

the motor from slipping and it is essentially dependent on the weight of the elements placed on the 

mounting mechanism. Therefore, it is decided to improve the placement of the motor.  

5.2. Improved design 
The design is improved by using a swing mechanism to keep the motor away from the wheel while 

not assisting the user and to press it against the wheel whenever it is required to operate. The 

angular momentum caused by the spinning motor is transferred to the wheel. Since the wheel is 

fixed in place, the net force illustrated with dark red arrow in Fig. 1, makes the motor “climb” the 

wheel by effectively pushing itself against the wheel resulting in greater friction than in the initial 

design.  

The improved design allows better arrangement of the electronics as more space is available in the 

kit. Additionally, the motor is now detached from the other electric parts making it safer to operate.   

5.3. Final design   
The final design includes minor changes in design and operation modes. First, the material of the 

casing is changed to Plexiglass (Poly-methyl methacrylate) instead of plywood for its tensile 

strength, flexibility and visual appeal. The enclosure is completed with a back wall and a top lid 

which can be opened if any maintenance is required. The size of the casing is adjusted to fit the 

converter PCB and an extra Arduino board. The wiring is redone as well, to accustom brand-new 

speed and pedaling sensors. Furthermore, an additional switch box is constructed to shift between 

manual and automatic control. To limit the motor swinging and to reduce the vibrations caused by 

the motor, swing-stop bolts have been implemented. The assembly model of the initial design and 

the final design are presented in appendix B.  

 

5.4. Testing & results 
Continuous testing has been conducted throughout the mechanical prototyping to improve and 

verify the prototypes. Most tests have been done in the lab with the wheel having no contact with 

the ground. This way of testing is vastly inferior to testing the mechanics in a real biking situation. 

The reason for testing the bike this way is twofold. There is no safe and reliable way to test the 

motor without a proper way to adjust the acceleration. A throttle twist had not been implemented at 

the time the testing started. Furthermore, testing the bike on the road means that no measurement 

equipment is available to use on the bike. When the throttle twist has been implemented, and all the 

sensors mounted SW and HW testing of the bike has been conducted by biking outside and doing 

modifications based on the results. The final prototype is performing satisfactorily. However, it has 

been concluded that the material should have been produced with something else than 3D-printed 

PLA as it is very brittle and prone to crack. Additionally, precise calibration of the motor distance 

from the wheel is needed for a satisfactory performance. 
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 Fig. 1. Mechanical prototyping at different stages of progression. 

 

6. Converter board 
The converter board is a BLDC driver, which utilizes an external controller for driving a 3-phase 

motor with a DC power supply. Fundamentally, it is a six-step, 3-phase voltage source MOSFET 

inverter.  

It is decided that the converter board will be realized as a custom-made printed circuit board (PCB). 

Autodesk Eagle is used to generate the schematic, the layout of the board and ultimately the 

exposure masks for further production. Custom Eagle libraries have been created, so that 

components used in the physical converter would have corresponding layout footprints (surface 

areas) to their physical counterparts. 

6.1. Objectives 
The purpose of the converter board is to drive a 250 W motor with an Arduino Uno and a 22,2 V 

LiPo battery. Hence, the converter board should meet the following requirements: 

1. Controllable with Arduino Uno 

2. 18-25,2 VDC input voltage range 

3. At least 250 W continuous output power 

4. Controller components are electrically isolated from power components 

5. Power supply to Arduino 

6. Current measurement for Arduino 

7. Compact size 

6.2. Schematic 
The converter board schematic can be divided into three parts: power supplies, control stage and 

power stage. These parts are highlighted in Fig. 2-4, while the complete converter board schematic 

is presented in Appendix C.  

 

Power supplies, presented in Fig. 2, are used to energize the various components of the board and 

ultimately the BLDC motor. Battery terminal supplies the main power to the board. Negative 

battery terminal GND is used as a ground plane for power stage components. Arduino PWR 

(abbreviation for power) is an isolated DC/DC converter which supplies Arduino, and additionally, 

generates GND2 ground plane for the control stage. Opto PWR is used to supply power to opto-
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isolators at control stage. Gate driver PWR supplies a gate driver IC at power stage. Decoupling 

capacitors are used to filter current ripple. 

 

 

Fig. 2. Power supplies of the converter board. 

 

Control stage, presented in Fig. 3, features an IO-terminal used for supplying power and exchanging 

switching and current signals between Arduino and converter board. Opto-isolators are used to 

isolate the inverter switching signals between Arduino and power stage. Resistors prevent opto-

isolators from breaking down from excessive current. A Hall-effect current sensor is utilized in the 

produced PCB, meaning that isolation is maintained between power and control stages. Current 

sensor logic is supplied with +5V from the integrated voltage regulator of Arduino Uno. 

 

Fig. 3. Control stage. 
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Power stage, presented in Fig. 4, includes a 3-phase inverter, gate driver IC, current sensor, and 

output phases for the motor. Bootstrap capacitors are required for supplying power for the floating 

outputs of the gate driver IC. A fault LED is used to indicate gate driver shutdown. Resistors are 

used at MOSFET gates to suppress electromagnetic interference (EMI) and to limit voltage rise 

time (to prevent dv/dt failure of the MOSFETs). Pull-up resistors are used at opto-isolator outputs. 

 

Fig. 4. Power stage. 

6.3. Layout 
A dual signal layer layout has been designed, so that the PCB could be custom-made. A single 

signal layer layout proved difficult to implement due to the complexity of the circuit. Finished 

converter board layout is presented in Fig. 5. 

 

Layout design has been prioritized with the following rules: 

1. Short paths between battery, MOSFETs and motor phases (to minimize power losses at the 

board and to minimize high current trace inductance). 

2. Traces as wide as possible for high current conductors (for improved heat dissipation). 

3. Placing MOSFETs as far away as possible from the control stage components (to prevent 

EMI). 

4. Single main power bus (to minimize power and signal trace coupling). 

5. Placing DC/DC converters as far away as possible from control stage (to prevent EMI). 

6. Decoupling capacitors, used to filter voltage ripple, are placed near load to improve 

decoupling. 

7. Board surface area is minimal. 

8. Number of vias is minimal. 

9. Signal traces are as short as possible. 
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Fig. 5. Converter board layout. Red=top plane, blue=bottom plane, green=pad, yellow line=not 

connected. 

 

6.4. Produced PCB and switching waveforms 
Produced converter board is presented in Fig. 6, and Fig. 7. MOSFET switching waveforms are 

presented in Fig. 8, and Fig. 9. 

 

 

Fig. 6. Physical converter -  top side. 
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Fig. 7. Physical converter - bottom side. 

 

 

  Fig. 8. MOSFET switching waveform at 16 V no-load. 

 

 

         Fig. 9. MOSFET switching waveform at 25 V no-load. 
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6.5. Objectives evaluation 
The aim when designing the converter is to fulfill the following requirements.  

 

1. Controllable with Arduino Uno - OK 

Every MOSFET of the converter is controllable individually at no-load. Switching 

waveforms are identical in every MOSFET. 

2. Input voltage range - OK 

Converter board can handle the input voltage range of 18-25,2 V at no-load. 

3. 250 W continuous output power 

This requirement could not be verified, because of lack of time and suitable load or 

measurement tools. 

4. Isolation between power and control stages - OK 

Grounds are not connected. 

5. Supply power to Arduino - OK 

Arduino powers up from the converter and executes programs successfully. 

6. Measure current for Arduino - OK 

Current sensor output signal is correct at no-load. 

7. Compact size 

This is a relative requirement. Size has been considered when designing the board, hence 

there is little wasted space. Size could be improved with a 6-pack MOSFET module and 

SMD components. Capacitors have additional spacing, because it has been unknown what 

size they would ultimately be. 

6.6. Possible improvements 
Produced converter board includes some design faults and room for improvement. These are 

presented in Table 1. 

 

Table 1. Converter board problems. 

Applicable to 

S=schematic, L=layout 

Problem 

S, L Opto-isolators are missing 3 pcs 500 Ω  current limiting resistors and 3 

pcs 500 Ω pull-up resistors. 

S, L Arduino PWR DC/DC converter is routed incorrectly to +5V/COM 

instead of +5/-5V. 

S, L Current sensor logic could be supplied from Arduino PWR +5/COM 

instead of Arduino. 

S, L BEMF sensing is required for control purposes, but it is not 

implemented in this version. 

L Some PCB pads are difficult to solder because components and their 

traces are placed on the same side of the PCB. 

L Inadequate spacing between MOSFETs for separate heatsinks. 
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L The gate drive returns from the three low side MOSFETs should run to 

the VS0 pin with separate and independent tracks to avoid crosstalk 

between the different legs of the inverter.  

7. Motor controller 
In this chapter, a mathematical model for the motor used in this project is presented. The model is 

then used to create a Simulink model to study the motor behavior. After this, the controller used in 

the project is described and its performance is studied in Simulink. The presentation is kept brief 

and many of the technical details are left uncovered due to the length constraints of this document. 

However, the main points and ideas are presented. 

7.1. Modeling a brushless DC motor 
The motor used in the project is an outer rotor brushless DC motor (BLDC). This type of brushless 

DC motor spins its outer shell around its windings, i.e., the magnets are on the outer shell and the 

windings are wound on the inner part of the motor. There are several definitions for brushless DC 

motor, but in this document brushless DC motor is defined as a three-phase permanent magnet 

motor with concentrated windings [2][3]. IEC-60050-411-37-18 defines concentrated winding as “a 

winding of a field system with salient poles or winding, the coil sides of which occupy only one slot 

per pole”. Because the windings are not distributed by sharing slots, the back-emf waveform of the 

motor has a trapezoidal shape. Ideal waveforms of back-emf in brushless DC motors is presented in 

Fig. 10.  

 

Fig. 10. General shape of the back-emf waveform in brushless DC motors. 

 

The electrical equivalent circuit of a brushless DC motor is presented in Fig. 11. Each phase 

consists of a winding resistance, winding (leakage) inductance, and back-emf. The following motor 

model is adopted from [4]. The brushless DC motor can be described by the following four 

equations 

𝑢ab = 𝑅(𝑖a − 𝑖b) + 𝐿
d

d𝑡
(𝑖a − 𝑖b) + 𝑒a − 𝑒b (1) 

𝑢bc = 𝑅(𝑖b − 𝑖c) + 𝐿
d

d𝑡
(𝑖b − 𝑖c) + 𝑒a − 𝑒c (2) 

𝑢ca = 𝑅(𝑖c − 𝑖a) + 𝐿
d

d𝑡
(𝑖c − 𝑖a) + 𝑒c − 𝑒a (3) 

𝑇e = 𝐽
d𝜔m
d𝑡

+ 𝐵𝜔m + 𝑇L (4) 
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where the voltages on the left-hand side in equations (1)-(3) are the line-to-line voltages, R is the 

stator winding resistance per phase, 𝐼𝑎,𝑏,𝑐 are the line currents, L is the stator winding inductance 

per phase, and 𝑒𝑎,𝑏,𝑐 are the back-emf’s in each phase. Equation (4) describes the electromagnetic 

torque where 𝜔𝑚is the rotor speed, J is the moment of inertia of the rotor, B is the friction 

coefficient, and 𝑇𝐿is the load torque. The phase voltages can be written as  

𝑢a = 𝑅𝑖a + 𝐿
d𝑖a
d𝑡

+ 𝑒a (5) 

𝑢b = 𝑅𝑖b + 𝐿
d𝑖b
d𝑡

+ 𝑒b (6) 

𝑢c = 𝑅𝑖b + 𝐿
d𝑖b
d𝑡

+ 𝑒b (7) 

 

Fig. 11. Electrical equivalent circuit of a brushless DC motor. 

 

The back-emf’s can be expressed as 

𝑒a =
𝑘e
2
𝜔m𝐹(𝜃e) (8) 

𝑒b =
𝑘e
2
𝜔m𝐹 (𝜃e −

2𝜋

3
) (9) 

𝑒c =
𝑘e
2
𝜔m𝐹 (𝜃e −

4𝜋

3
) (10) 

where 𝑘𝑒 is the back-emf constant. The electromagnetic torque can be alternatively expressed as a 

function of the back-emf’s as 

𝑇e =
𝑘t
2
[𝐹(𝜃e)𝑖a + 𝐹 (𝜃e −

2𝜋

3
) 𝑖b + 𝐹 (𝜃e −

4𝜋

3
) 𝑖c] (11) 

where 𝑘𝑡 is the back-emf constant that is equal to 𝑘𝑒. The function 𝐹(∙) gives a trapezoidal 

waveform for the back-emf as a function of the rotor position. One period of this function can be 

expressed as 

𝐹(𝜃e) =  

{
 
 
 

 
 
 1                                    0 ≤ 𝜃e <

2𝜋

3

1 −
6

𝜋
(𝜃e −

2𝜋

3
)       

2𝜋

3
≤ 𝜃e < 𝜋

−1                                  𝜋 ≤ 𝜃e <
5𝜋

3

−1 +
6

𝜋
(𝜃e −

5𝜋

3
)      

5𝜋

3
≤ 𝜃e < 2𝜋

  (12) 
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A state-space equation can be formed based on the equations presented above to simplify the 

creation of a simulation model. The state-space is chosen to include two currents, rotor speed, and 

rotor angle. Assuming three-wire system, i.e., the motor neutral is left unconnected, each voltage 

equation is a linear combination of the two other voltage equations and therefore only two voltage 

equations are required. As the sum of currents in three-phase system at any given time instant is 

zero, the currents can be expressed as 

𝑖a + 𝑖b + 𝑖c = 0 (13) 

Using equations (1) and (2), we get the following modified equations 

𝑢ab = 𝑅(𝑖a − 𝑖b) + 𝐿
d

d𝑡
(𝑖a − 𝑖b) + 𝑒a − 𝑒b (14) 

𝑢bc = 𝑅(𝑖a + 2𝑖b) + 𝐿
d

d𝑡
(𝑖a + 2𝑖b) + 𝑒b − 𝑒c (15) 

Using equations (4), (14), and (15) we can form the following state-space representation of the 

motor 

(

𝑖̇a
𝑖̇b
�̇�m
�̇�m

) =

(

 
 
 
 
−
𝑅

𝐿
0 0 0

0 −
𝑅

𝐿
0 0

0 0 −
𝐵

𝐽
0

0 0 1 0)

 
 
 
 

(

𝑖a
𝑖b
𝜔m
𝜃m

)+

(

 
 
 
 

2

3𝐿

1

3𝐿
0

−
1

3𝐿

1

3𝐿
0

0 0
1

𝐽
0 0 0)

 
 
 
 

(

𝑢ab − 𝑒ab
𝑢bc − 𝑒bc
𝑇e − 𝑇L

) (16) 

(

 
 

𝑖a
𝑖b
𝑖c
𝜔m
𝜃m)

 
 
=

(

 
 

1 0 0 0
0 1 0 0
−1 −1 0 0
0 0 1 0
0 0 0 1)

 
 
(

𝑖a
𝑖b
𝜔m
𝜃m

) (17) 

From the state-space representation, we can extract the differential equations for currents and motor 

speed 

d

d𝑡
𝑖a =

1

3𝐿
(−3𝑅𝑖a + 2𝑢ab + 𝑢bc − 2𝑒a + 𝑒b + 𝑒c) (18) 

d

d𝑡
𝑖b =

1

3𝐿
(−3𝑅𝑖b − 𝑢ab + 𝑢bc + 𝑒a − 2𝑒b + 𝑒c) (19) 

d

d𝑡
𝜔m = −

𝐵

𝐽
𝜔m +

1

𝐽
(𝑇e − 𝑇L) (20) 

that are used to form the simulation model. A Simulink model is created based on these equations. 

However, in the end, this model is not used for controller study and verification due to issues with 

converter modeling. 

7.2. Modeling the converter for a brushless DC motor 
The brushless DC motor is generally driven by a three-phase inverter with six-step commutation 

sequence. In six-step commutation, each switching state lasts for 120 electrical degrees and only 

two phases conduct current at a time. This means that the third phase is left floating.  

In brushless DC motors, the converter acts as an electrical commutator for the motor. The converter 

semiconductor switches are activated sequentially depending on the position of the rotor. Therefore, 

the position of the rotor needs to be either measured or estimated. Measurement is generally done 

using hall sensors embedded in the stator of the motor. However, the motor used in the project did 
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not include hall sensors, so the position of the rotor must be estimated. Nonetheless, behavior of 

hall sensors used for rotor position measurement has been studied as a part of the theoretical study. 

During the theoretical study it is found that modeling the converter in Simulink by using default 

Simulink blocks is quite challenging [4][6]. This is due to the nature of the switching states used. 

Only two of the legs in the six-pulse converter conduct at a time while one leg has both of its 

semiconductor switches open. This floating leg causes the line-to-line voltages of the converter to 

acquire special waveforms that depend on the currents flowing in the motor phases. The theory 

behind this behavior is explained below, where the output voltage modeling is presented for the 

case of output voltage without chopping signal, i.e., non-PWM output voltages. The output voltage 

can be modeled similarly for hard chopping, i.e., applying PWM on both the upper and lower 

conducting switches, and soft chopping, i.e., applying PWM on only the upper conducting switch. 

Regarding these two cases, see [4].  

The converter model is adopted from [4]. Fig. 12, presents the circuit configuration for each of the 

six switching states. The phase current that is being turned off flows through a freewheeling diode 

while the current in the phase that is being turned on is rising from zero. The phases where these 

decaying and rising currents flow depend on the rotor position. In practice, knowing the output 

voltage behavior is not important for using the motor but the equations used for modeling the motor 

require the line-to-line voltages. For the 0-60° interval, when the diode current is nonzero, the line-

to-line voltages are  

𝑢ab = 𝑉s 

𝑢bc = 0 

𝑢ca = −𝑉s 

The DC voltage is directly applied between phases A and B, so it is equal to the DC voltage. If the 

diode is assumed ideal, i.e., no forward voltage drop over it, the line-to-line voltage between phases 

B and C must be zero. Because two of the line-to-line voltages are known, the third one can be 

determined. 

 

Fig. 12. Circuit configurations for each switching state during commutation. [4] 

When the diode current reaches zero, the line-to-line voltages 𝑢𝑏𝑐 and 𝑢𝑐𝑎values will change, and 

their values will depend on the back emf’s in the motor. The circuit for 0-60° interval is redrawn in 

Fig. 13 to depict the situation when only two-phase currents flow in the motor. The back emf’s for 

each phase are presented as voltage sources 𝑒𝑥 . The diode in the phase that is not conducting any 

current is modeled as a voltage source 𝑣𝑑3. 
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While the diode current is nonzero, the value of 𝑣𝑑3 is zero but when the diode current reaches zero 

it must generate a voltage that forces the current in the turned off phase to remain zero until the next 

switching state. The value of 𝑣𝑑3 that fulfills this condition can be solved using Kirchhoff’s voltage 

law from the circuit presented in Fig. 13 so that the current in the turned off phase is zero. 

Repeating this calculation for each switching state gives the output voltages and current for each 

switching state shown in table 2.  

 

Fig. 13. Circuit for 0-60° interval redrawn for two phase currents flowing. [4] 

 

Table 2. Converter output voltages subtracted by corresponding line-to-line back emf’s 

as a function of rotor position and current of the phase that is turned off. [6] 

Electrical angle Diode current 𝑢ab 𝑢bc 

0° − 60° 𝑖c ≠ 0 

𝑖c = 0 

𝑉s 
𝑉s 

0 
1

2
(−𝑉s + 𝑒a + 𝑒b − 2𝑒c) 

60° − 120° 𝑖b ≠ 0 

𝑖b = 0 

0 
1

2
(𝑉s + 𝑒a − 2𝑒b + 𝑒c) 

𝑉s 
1

2
(𝑉s − 𝑒a + 2𝑒b − 𝑒c) 

120° − 180° 𝑖a ≠ 0 

𝑖a = 0 

−𝑉s 
1

2
(−𝑉s + 2𝑒a − 𝑒b − 𝑒c) 

𝑉s 
𝑉s 

180° − 240° 𝑖c ≠ 0 

𝑖c = 0 

−𝑉s 
−𝑉s 

0 
1

2
(𝑉s + 𝑒a + 𝑒b − 2𝑒c) 

240° − 300° 𝑖b ≠ 0 

𝑖b = 0 

0 
1

2
(−𝑉s + 𝑒a − 2𝑒b + 𝑒c) 

−𝑉s 
1

2
(−𝑉s − 𝑒a + 2𝑒b − 𝑒c) 

300° − 360° 𝑖a ≠ 0 

𝑖a = 0 

𝑉s 
1

2
(𝑉s + 2𝑒a − 𝑒b − 𝑒c) 

−𝑉s 
−𝑉s 

 

Based on the theory presented above, a MATLAB function is created to model the converter 

without signal chopping. This function is added to the motor Simulink model and the system is 

simulated with the following parameters 

𝑅 = 2.8750 Ω  

𝐿 = 8.5 mH  

𝑘e = 0.175 Vs  

𝑝 = 2 

𝐵 = 10−3 Nms 

𝐽 = 0.8 ∗ 10−3 kgm3 
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to verify the simulation model. General shape of the phase currents and line-to-line voltages for 

brushless DC motor without output voltage chopping are presented in Fig. 14, and Fig. 15, 

respectively. The output voltage dependency on the phase current that is being turned off can be 

clearly seen in the line-to-line voltage waveform. 

 

 

Fig. 14. Motor phase currents. 

 

Fig. 15. Motor line-to-line voltages. 

An attempt is made to modify the converter function to be able to model soft chopping of output 

voltages so that a controller could be included in the model. However, due to the time constraints 

and the difficulty of this task, an alternative implementation of motor and converter modeling with 
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Simscape library blocks is used. This final model is used to verify the behavior of the controller 

used for the project and it is presented alongside the controller described in chapter 8.3. 

7.3. Brushless DC motor controller 
The controller in this project is a PI controller with saturation and anti-windup. The controlled 

variable is the DC current because the motor torque is proportional to the motor current, see 

equation (11). It is first implemented in continuous-time domain and then discretized using Euler 

method. In time-domain, the PI controller can be expressed as 

𝑢 = 𝑘p𝜀 + ∫𝑘i𝜀 d𝑡 (21) 

where ε = 𝑖𝑟𝑒𝑓 − 𝑖 is the current error. The transfer function of a PI controller in Laplace domain is 

𝜀(𝑠)

𝑢(𝑠)
= 𝐾(𝑠) = 𝑘p +

𝑘i
𝑠

(22) 

and the brushless DC motor can be expressed as 

𝐿
d𝑖

d𝑡
= 𝑢 − 𝑅𝑖 − 𝑒 (23) 

where u is the input voltage, e is the difference between back-emf’s of the two conducting phases, i 

is the phase current, L is the inductance between two phase terminals, and R is the resistance 

between two phase terminals. Transfer function of equation (23) in Laplace domain from input 

voltage to the phase current is 

𝑌(𝑠) =
𝑖(𝑠)

𝑢(𝑠)
=

1

𝑠𝐿 + 𝑅
(24) 

 

and back-emf is considered as a disturbance. The closed-loop transfer function of the PI controller 

and the plant is 

𝑖(𝑠)

𝑖ref(𝑠)
= 𝐺(𝑠) =

𝐾(𝑠)𝑌(𝑠)

1 + 𝐾(𝑠)𝑌(𝑠)
(25) 

The controller is tuned according to internal model control (IMC) principle, where only “new” 

information is fed back. The aim is to have a first-order closed-loop transfer function, so we set  

𝐺(𝑠) =
𝐾(𝑠)𝑌(𝑠)

1 + 𝐾(𝑠)𝑌(𝑠)
=

𝛼c
𝑠 + 𝛼c

(26) 

where  α𝑐 is the closed-loop bandwidth of the system. Equation (26) is then solved for 𝐾(𝑠) to yield 

the controller gains as a function of plant parameters and closed-loop bandwidth 

𝐾(𝑠) =
𝛼c

𝑠𝑌(𝑠)
(27) 

𝑘p +
𝑘i
𝑠
=

𝛼c

𝑠 (
1

𝑠𝐿 + 𝑅)
=
𝛼c(𝑠𝐿 + 𝑅)

𝑠
= 𝛼c𝐿 +

𝛼c𝑅

𝑠
(28) 

this results in the following gains 

𝑘p = 𝛼c𝐿 (29) 

𝑘i = 𝛼c𝑅 (30) 

The bandwidth affects the response time of the loop, i.e., higher bandwidth means faster response. 

On the downside, high bandwidths cause the system to be more prone to high frequency 

disturbances. Also, the bandwidth should be at least ten times less than the sampling frequency for 

discretized continuous-time control scheme to keep the controller performance adequate.  



 

Page 21 of 41 

 

Anti-windup scheme is included in the controller to remove integral windup that can be caused by 

large changes in the controlled variable or its reference. The voltage reference is limited between 

zero and the DC input voltage due to converter voltage saturation. Anti-windup is based on the 

concept of realizable reference to eliminate integral windup. Unlimited voltage reference can be 

expressed as 

𝑢ref
′ = 𝑘i(𝑖ref − 𝑖) + 𝑢i (31) 

where  

d𝑢𝑖
d𝑡

= 𝑘𝑖(𝑖𝑟𝑒𝑓 − 𝑖) (32) 

if realizable reference 𝑖′𝑟𝑒𝑓 would be applied instead of 𝑖𝑟𝑒𝑓, the unlimited output voltage reference 

𝑖′𝑟𝑒𝑓 would be equal to the real plant input u obtained with 𝑖𝑟𝑒𝑓, i.e., the limited output voltage. The 

equation for realizable reference is  

𝑖ref
′ = 𝑖ref +

𝑢 − 𝑢ref
′

𝑘p
(33) 

To prevent integrator windup, equation (33) is used as integrator. As the converter output voltage is 

limited, the voltage reference should then be limited, too. The voltage reference can be expressed as 

𝑢ref = sat(𝑢ref
′ ) = {

𝑢max      𝑖𝑓 𝑢ref
′ > 𝑢max

𝑢min       𝑖𝑓 𝑢ref
′ < 𝑢min 

𝑢ref
′                  otherwise

 (34) 

As stated before, the output voltage is limited between zero and current battery voltage. The 

minimum voltage is limited to zero instead of negative value of maximum voltage due to PWM 

technique used. The complete control law is therefore 

 

 

d𝑢𝑖
d𝑡

= 𝑘i (𝑖ref − 𝑖 +
𝑢ref − 𝑢ref

′

𝑘t
) (35) 

𝑢ref
′ = 𝑘p(𝑖ref − 𝑖) + 𝑢i (36) 

𝑢ref = sat(𝑢ref
′ ) (37) 

and its block diagram is presented in Fig. 16. For the actual implementation, the controller needs to 

be discretized. This is done using Euler method due to its simplicity and misjudgement of Arduinos 

computing power. It has been assumed that Arduino could sample the currents and update the 

controller at a high frequency. However, as later discussed, the computing power of the Arduino is 

not sufficient for this project. The discretized version of the integrator is  

𝑢i(𝑘 + 1) − 𝑢i(𝑘)

𝑇s
= 𝑘i (𝑖ref − 𝑖 +

𝑢ref − 𝑢ref
′

𝑘t
) (38) 

𝑢i(𝑘 + 1) = 𝑢i(𝑘) + 𝑇s ∗ 𝑘i (𝑖ref − 𝑖 +
𝑢ref − 𝑢ref

′

𝑘t
) (39) 

where 𝑇𝑠 is the sampling time. 
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Fig. 16. Block diagram of continuous-time implementation of the controller. 

 

The performance of this controller has been simulated in continuous-time domain to verify its 

performance. The simulation model is presented in Fig. 17. Because there is no easy way to 

measure the DC current in the model, an estimate of the DC current is used. The DC current can be 

estimated in brushless DC motors by taking the sum of the absolute value of the phase currents and 

the dividing by two. This should roughly yield the DC current as most of the time only two phases 

conduct current and the magnitude of the current they conduct is equal. This current magnitude is 

equal to the DC current. In the practical implementation, all the three lower MOSFETs in the 

converter had their return wire go through a single current transducer before going back to the DC- 

bus of the power supply.   

The PI controller subsystem includes calculation of switching signals through normalizing the 

voltage reference output from the controller between [0,1] and then comparing this normalized 

reference signal with a triangular carrier waveform with magnitude between [0,1]. This switching 

signal is then applied on the conducting high-side switch in the gate driver. This implementation 

again differed from the practical implementation due to Arduino having ready libraries for PWM 

operation so in the practical implementation only the duty ratio is required, i.e., dividing the 

controller output with the maximum achievable output voltage. 

The same motor parameters that has been used for motor model simulation is used in the 

simulation. The DC current reference is set to 𝑖𝑟𝑒𝑓 = 4 𝐴. The motor is set to constant speed of 250 

rpm and then at t=0.25s its speed is reduced to 150 rpm. The resulting current waveform is 

presented in Fig. 18, and a close-up in Fig. 19. The peak value of the phase currents is higher than 

the reference because the currents are not strictly DC due to slow motor speed, but the controller 

clearly limits the current according to its reference. Finally, the line-to-line voltage waveform 

between phases A and B is presented in Fig. 20. 
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Fig. 17. Simulation model of brushless DC motor and a PI controller. 

 

Fig. 18. Simulated motor currents with stepwise change in motor speed. 
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Fig. 19. Close-up of the motor current waveform before the stepwise change in motor speed. 

 

Fig. 20. Line-to-line voltage waveform between phases A and B. 

7.4. Practical implementation of the motor controller 
Based on the theoretical study, the controller is implemented in practice. Arduino UNO is used in 

the implementation of the controller. Therefore, a thorough study of the microprocessor used in 

Arduino UNO has been conducted. It is deemed as a feasible choice based on the specifications.   

First, a prototype of the converter is assembled. The prototype board is presented in Fig. 21. In the 

figure, the current transducer is unconnected in the middle of the prototype board, but the other 

parts of the converter are connected. The functionality of the testbench is tested through carrying 

out unit tests sequentially on each part of the signal chain starting from Arduino. This included 

Arduino output tests, optocoupler output tests, gate driver output tests, and lastly converter output 

tests. After the testbench is deemed to be completely functional, the controller testing begins. 

The basic functionality of the motor operation, i.e., the commutation sequence, is first established. 

This is implemented using Atmega’s analog comparator. The analog comparator circuit and the 

analog-to-digital converter of Atmega shares a multiplexer circuit. This multiplexer is used to 
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switch between the phase voltage measurements for the analog comparator input to track the correct 

back-emf that indicates the next commutation time. Each time the tracked phase voltage 

measurement triggers the analog comparator interrupt service routine, the switching state is 

changed, and next phase voltage measurement is changed to the input of the analog comparator. 

This works very well, and the motor starts up nicely and adjusts its speed according to the DC-

voltage level. 

After this, the controller performance is tested. There is a major challenge to get the analog-to-

digital converter to function alongside the analog comparator as they share the same multiplexer 

circuit. After some trial-and-error, the faulty register is located and corrected so that the DC current 

can be measured while the motor commutates. However, it is soon found that the controller can’t be 

run in parallel with the commutations due to the limited computational power of Atmega. The 

motor used in the project has 7 pole pairs, so the electrical angular frequency of the motor is very 

high which results in a high number of interrupt service routines to be served by the Atmega. This 

consumes most of its computational power and if the controller is included in the controller 

program, the motor will stop abruptly very soon after starting it. The motor will work only if the 

sampling frequency of the controller is set to somewhere around 1 Hz which is not feasible for 

practical use as the bandwidth of the controller then will have to be very low. 

As a result, the basic functionality with constant operation is achieved but dynamics offered by 

controller cannot be implemented due to the lack of computational power. The Arduino code used is 

included in appendix D. 

 

 

Fig. 21. Test bench for the controller. 

 

7.5. Back-emf zero-crossing circuit 

As explained in the converter section above, one of the motor phases is always floating, and 

because of this it is possible to measure the back-emf of the floating phase and determine the 

position of the rotor by comparing the phase voltage to the neutral point voltage. This position 

information is then used to time the commutations correctly to rotate the rotor smoothly.  

The theory for back-emf sensing has been adopted from [5]. If phase C is the phase that is turned 

off, the voltage equations of the motor can be written as  
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𝑈a = 𝑅𝑖a + 𝐿
d

d𝑡
𝑖a + 𝑒a + 𝑈n (40) 

𝑈b = 𝑅𝑖b + 𝐿
d

d𝑡
𝑖b + 𝑒b +𝑈n (41) 

𝑈c = 𝑒c + 𝑈n (42) 

As only two phases conduct current at a time, these phase currents are equal in magnitude but have 

opposite signs, i.e.,  

𝑖a = −𝑖b (43) 

In addition, the back-emf’s of the two conducting phases are equal in magnitude but have opposite 

signs, i.e.,  

𝑒a = −𝑒b (44) 

The neutral point voltage can be solved by summing equations (40) and (41) and using equations 

(43) and (44). This yields 

𝑈n =
1

2
(𝑈a + 𝑈b) (45) 

If equations (42) and (45) are compared, when 𝑒𝑐 crosses the zero point, it’s sign changes and the 

comparison between these two voltages changes. The back-emf zero-crossing detection is based on 

this. This equation can be derived for the other two phases similarly. 

 

A back-emf zero-crossing circuit has been implemented to estimate the rotor position in addition to 

the custom PCB converter. The circuit diagram of the back-emf zero-crossing circuit is presented in 

Fig. 22. This circuit is connected in parallel with the motor. Depending on the position of the rotor, 

one of the phase voltage measurements is fed into the analog comparator of Atmega328 and 

compared with the virtual ground voltage since the real neutral point of the motor is not accessible. 

When the analog comparator output changes its state, the back-emf of the phase that is turned off 

crosses zero and the next commutation should ideally occur after 30 electrical degrees. However, 

this delay is not included in the controller program. This is because when the motor speeds and 

commutation frequencies are relatively low, applying the driving voltage to the motor in sync with 

the BEMF will also place the motor current reasonably in phase [7]. This has been proven to be 

correct during the testing phase, therefore no delays are included in the final version. 

 

Fig. 22. Back-emf zero-crossing circuit. 
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8. Arduino software 

8.1. Objective 

The purpose of the Arduino software is to control the bike’s operation. This excludes the motor 

control, which is run by another Arduino. The software tasks include: 

● Reading sensors and the throttle 

● Providing a safe SD card interface: 

○ Writing sensor data to the card 

○ Reading and parsing files containing the artificial neural network (ANN) model 

○ Buffering data for the SD card write operation 

● Making assist predictions with the ANN model 

● Giving assist reference to the motor controller 

 

8.2. Implementation 

The software is designed to have a modular structure. Platform independency also has a great 

emphasis in the implementation. The idea is to be able to test the software components before they 

are uploaded to the Arduino Board. Thus, most of the code is Arduino independent. The modules 

and their purposes are described in table 3. Moreover, the complete code is included in appendix D. 

Table 3. Implemented code modules and their description 

Module name File(s) Description 

String buffer buffer.hpp 

buffer.cpp 

Class for buffering the sensor data before 

writing it to the SD card. 

SD file I/O sd_file_io.hpp 

sd_file_io.cpp 

SD card initialization and file managing 

utilities. 

Auto assist autoassist.hpp 

autoassist.cpp 

Class for parsing and storing the ANN 

model, also makes predictions based on 

that model. 

TensorFlow model reader read_tf_model.hpp 

read_tf_model.cpp 

Reads the ANN model from SD card and 

passes the data to the model parser. 

Sensor functions sensorfunc.hpp 

sensorfunc.cpp 

Functions for reading and utilizing 

sensor data. 

Main module smartbike.ino Calls other modules, defines Arduino 

pins, creates the main program loop. 

 

The string buffer and auto assist modules utilize dynamic memory. The auto assist module needs 

this, as the ANN model in the SD card can have varying size. Similarly, dynamic memory is 

necessary in the string buffer as the strings can have varying lengths. The SD file I/O and 

TensorFlow model reader provide interface between the SD card and the other modules. Both 

modules utilize the Arduino SD library, which provides access to the card through SPI bus.     

The sensor functions module provides ISRs (interrupt service routines) for interrupt-based pedaling 

RPM and wheel RPM sensors. It also transforms the raw accelerometer output into real acceleration 

values. The main module implements the overall program structure, defines Arduino pins and their 

functions and calls other modules.  
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8.3. Testing 

The string buffer module and the auto assist module are completely Arduino independent code. 

They are also the two most complex modules in the software, and thus require high attention in the 

testing. Thus, both modules also have small test programs written in C++ that compiles on PC. 

These programs are created to make sure that the modules work correctly before uploading to 

Arduino. 

Because Arduino has very limited memory, software components using dynamic memory have 

been tested for memory leakages. Memory leakage occurs, when the program keeps allocating 

memory, but does not deallocate it when it no longer needs it. Thus, repetitive leakages can result in 

Arduino running out of memory. The tests have been run using the memory management error 

detector Valgrind. The string buffer class did not have any leakages. The ANN model class in the 

auto assist module has a minor leakage, which is related to allocation and deallocation of the model. 

However, as the leakage is very small, and the model allocation happens only once in the code (and 

thus, the model is never deallocated by the software), the leakage is not further investigated. 

The software is also tested in practice by uploading it to the Arduino board and monitoring essential 

variables, like sensor output signals. 

 

8.4. Problems and possible solutions 

The ANN model is read by Arduino Uno when it is exported to the bike. Unfortunately, Arduino 

Uno featuring Atmega328 microcontroller only has 2048 bytes of RAM. Thus, a very small ANN 

model with four inputs, four outputs, bias terms and only one layer with size of three is used. Even 

this small model requires 27 floating point variables. As one float takes four bytes of memory on 

Arduino, the whole model takes by minimum 27×4 = 108 bytes of RAM. The actual size is 

obviously much larger, as data related to model size and storage pointers must be allocated as well. 

While 108 bytes may sound small compared to the total size of 2048 bytes, the board will run out of 

memory very quickly if memory usage is not strictly regulated by all components of the Arduino 

software.  

To solve the problem to some extent, the Arduino code could have been more memory optimized. 

The most memory-consuming components of the code is the string buffer and the ANN model. The 

current program keeps these at the memory simultaneously, while there is no absolute need for that. 

The solution would be to switch these between the RAM and the SD storage: while the manual 

assist is used, allocate only string buffer and keep ANN at SD card. Similarly, when the assist 

prediction is used, the string buffer would be deallocated, and ANN allocated to RAM. As 

previously mentioned, this would have only partly solved the issue, as the Arduino memory size is 

very limited: using large ANN models or buffers would have still caused memory depletion. 

A better solution would have been to use a more powerful development platform. For example, 

Raspberry Pi 3 Model B+ already has 1GB of RAM. Also, the need for another Arduino for motor 

control would have been eliminated by the more powerful CPU. The component costs would have 

been approximately same, as a Raspberry Pi costs nearly same amount (40€) as two Arduino Uno 

boards. 

9. Machine learning 

9.1. Objective and background 

At the beginning of the project, it has been decided that an application utilizing artificial 

intelligence will be created along with the bike. However, it had not been decided until the middle 

of the project what this application could be used for. At this point, assist prediction is chosen as the 

goal of the application. This is a very natural approach when it comes to machine learning: the 

assist amount is a quantity provided by the cyclist and is thus feasible for prediction (like steering 

direction in self-driving cars). Also, the e-bike’s onboard sensors, like pedaling sensor and speed 
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sensor can be utilized in the data acquisition for the machine learning. These sensors would have 

been equipped on the bike without machine learning as well. The reason is Finnish legislation, 

which has regulations on e-bikes when it comes to speeds and pedaling. 

The idea behind machine learning is to create a model based on collected data. Essentially, the 

model is a function that maps some collected variables to an output variable. The input variables of 

the function are called features, while the output variable is called the label. The collected data 

should contain both features and labels. Once the model is created, it can be used to predict the label 

solely with the features. When the model is called, the features are given as arguments, and the 

output is a probability distribution from which the prediction can be picked. In the case of this 

application, the features are different sensor data values from the bike, and the label is the assist 

amount. Thus, the model created can be used to predict the assist amount from the sensor data. 

In machine learning, numerous model formats exist. The models range from simple linear models to 

large and complex artificial neural network (ANN) models. As the ANN models are most 

commonly used in machine learning, this type of model is also included in this application. The 

model consists of one input layer, an unlimited number of arbitrary sized hidden layers and an 

output or logit layer. The layers are connected by weight terms and can also contain bias terms, 

which are directly added to the node values. The model also contains an activation function, which 

is called for each node in the network. Finally, the output values or logits are normalized in the 

output layer, which yields a probability distribution for the output options. One very commonly 

used normalizer is the softmax function, which is also used in this application. 

 

Fig. 23. Structure of an ANN model with one hidden layer with size of two. The arcs connecting the 

nodes represent weights, which are summed at the target node along with the bias term. 

 

9.2. Implementation 

The machine learning application has been created in the Python programming language. A major 

component of the program is TensorFlow, which is an open-source library with machine learning 

support created by Google. As the library is very heavy and has limited hardware support, the 

application does not run onboard the bike. Instead, it runs externally on a PC. However, this 

approach requires a way to transport data between the bike and the application. For this purpose, the 

bike is equipped with an SD card interface. The card is used to store the cycling data, as well as the 

prediction model created by the application. 
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The application consists of six modules, all of which are stored in separate files. The first module is 

the main module, which is responsible for invoking other modules in correct order and passing data 

between them. This module is also directly called by the user when he/she invokes the application. 

The second module is the command line argument parser. It parses the command line arguments 

provided by the user, including input and output file names. The third module is the input reader, 

which reads the data in the input file provided by the argument parser. The fourth module contains 

the machine learning process. It takes the input data provided by the input reader, and outputs an 

artificial neural network model computed from that data. The fifth module is the output plotter, 

which can plot learning results to a graph. Using this module is optional, and it requires matplotlib 

library installation on Python. The sixth module is the output writer, which writes essential 

information about the TensorFlow model to an output file. The output file can later be used to 

reconstruct the model on the bike. The relationships between the modules can be seen in Fig. 24. 

 

 

Fig. 24. High-level structure of the machine learning application and most essential data flows. 

The final version of the application outputs an ANN model, which has four input features: 

acceleration in x-direction, acceleration in y-direction, pedaling RPM and wheel RPM. The 

directions x and y are aligned with the casing of the kit and are perpendicular. The number of 

possible outputs is also four, e.g. the image of the prediction function is the set {0, 1, 2, 3}, where 0 

represents zero assist and 3 represents maximum assist. To minimize the size of the model, only one 

hidden layer is used, which has a size of three. However, bias terms are still used in the model since 

they improve the model accuracy greatly. The complete code of the application is included in 

appendix D. 

 

9.3. Testing and learning results 

The application has been tested in three phases. In the first phase, the application has been verified 

using sample data related to iris flowers found on the TensorFlow website. This data is very useful 

for initial testing, as it is readily in CSV format and had same number of features as the bike’s 

sensor data. In this phase, the application is only tested internally, e.g. it is verified that application 

http://download.tensorflow.org/data/iris_training.csv
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modules work as expected. It is also tested that the model created is accurate enough and that it can 

do predictions in the TensorFlow environment. 

In second phase, the model created by the application is tested outside TensorFlow. The iris flower 

data is also utilized in this phase. The purpose of this phase is to verify that the model output by the 

application can be reconstructed outside TensorFlow and that it yields same results as within 

TensorFlow. The model was first tested with a C++ program on PC. After it yielded successful 

results, a similar test sequence is written for Arduino and the model is uploaded to the Arduino Uno 

board. After the Arduino program has yielded correct predictions, this phase is ended. It should be 

noted that core parts of the code are the same in both PC and Arduino tests. 

In the third phase, the actual bike data is used. The TensorFlow model is tuned to fit on the Arduino 

board with all the other code while still yielding fairly accurate results. This phase also included 

first test rides with the assist prediction, which led to some bug discoveries in the Arduino code. 

The number of assist levels is also increased from three to four, which improved the prediction 

performance greatly. At the end of this phase, the plotting module is also added to the application, 

which helps evaluating the model. A figure created by this module from a small data set can be seen 

in Fig. 25. 

 

Fig. 25. Prediction curves for different pedaling speeds as function of bike speed. A constant 

acceleration is assumed in the plotting. The upper graph contains the predicted assist level, and the 

lower graph describes the prediction accuracy. This model is created with a very small data set.  

 

10. Reflection of the Project 
The real execution of the project deviated from the project plan a lot. The reasons for this are 

multiple. It’s very hard to create a realistic schedule of the project phases when the scope of the 

project changes during the project. Furthermore, when all the team members are completely new to 

a project of this nature it’s hard to estimate how much time different tasks will take.  

 

The project planning can be improved by starting with a study of what is possible to do and with 

more exact specifications of exactly what should be done. Only after this mapping a more detailed 

project plan should be compiled. This would have meant that the AI part would have been easier to 

implement, and a lot of time would have been saved on the motor part of the project.  
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10.1. Reaching objective 
The original project scope changed quite a bit as the project processed. It has been concluded that 

3D-printing and making a motor ourselves is not feasible for this project. The designed converter 

and controller are never used in the final version as the converter broke down when trying to power 

it with a battery. However, the converter and controller have been successfully implemented and 

used when powered by an external voltage source. The AI objective is quite unclear in the time of 

making the project plan but finally an assist reference idea has been designed and executed 

successfully. 

 

As a conclusion the project objective is partially met. A kit is designed that can be mounted to 

almost any bike. However, the kit requires some work to mount to the bike and subjectively it is not 

easy to mount. A working AI application that introduced “smart features” has also been 

successfully implemented.  

The sensorless commutator functionality of the brushless dc motor has been successfully 

implemented. In addition, a theoretical study and simulations have been conducted to implement a 

torque controller for the motor but due to the lack of computational resources it is never realized. 

 

10.2. Timetable 
A timeline of the project has been created in the project plan in the form of a Gantt-chart. The 

workload has been heavily underestimated in almost every work phase of the project. Too little time 

allocated for research and learning is one of the main contributors to the delayed schedule. But also, 

component breakdown has caused significant delays. 

Furthermore, the project has been moving very slowly in the beginning which might have been 

caused by every group member having tasks that are quite separated from each other which in turn 

caused confusion about what exactly is happening in the other work phases. Moreover, the very 

hard to access lab in the machine hall has made it hard to go to the lab since working after office 

hours is impossible. However, after the team moved the bike to the almost 24/7 open lab sähköpaja 

and have been working hard the last month, this time delay has been regained. 

 

10.3. Risk analysis 

Out of the risks listed in the project plan the following has been realized. 

● Material damage: The gate driver broke down in the converter board. The severity of this 

risk is deemed to be minor in the project plan. In reality it caused a lot of lost time in a 

critical part of the project because firstly the faulty component is to be identified which 

proved difficult.  

● Problems with material acquisition: Problems with an order from a retailer has caused 

delays in the mechanical prototyping. 

● Some part of the project is too hard to complete: The motor building has been deemed 

un-feasible. Additionally, building the converter so that it can be powered from a battery has 

been too hard to complete. 

● The estimated times in schedule are wrong. 

 

The team has reacted to these realized risks by following the actions that have been defined in the 

project plan, but action should have been taken sooner with the material acquisition problem. 
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10.4. Project Meetings 

Initially project meetings have been held twice a week, once a week with the instructor 

participating. Later, this has been cut down to one meeting about once every week or once every 

two weeks with the instructor. Due to the very different work responsibilities among the group this 

form of meeting proved to be very time inefficient. Instead the group is split into smaller parts and 

team members working on parts closely related to each other meet in the lab. During the last month 

of the project the team has been having intensive follow-ups with the instructor and within the 

group 

WhatsApp has been used for fast information sharing and questions. Google Drive has been used to 

share information between team members and email has been mainly used for sharing important 

information with the instructor. Meeting agendas has been created when the meetings had a clear 

purpose and information from the meetings has been stored in Google Drive. To make meetings 

more efficient a document in the drive should have been made where group members would have 

written what they wanted to bring up the following meeting.  

10.5. Quality management 

According to the project plan everyone has been responsible for the quality of his work and is to 

bring up any quality issues to the rest of the group. Quality issues have been brought up either in the 

WhatsApp group or in project meetings depending on the severity of the problem. Most quality 

problems have been fixable within reasonable time by focusing more manpower on the part that 

needs improvement.  

10.6. Future improvements 

Although the final prototype fulfills the performance characteristics defined in the objective chapter 

of this report there are multiple ways to improve the prototype. The most important improvements 

that should be made are: 

● Improve the mechanical withstand ability: The final prototype uses 3D-printed PLA 

extensively, however during testing it has been observed that PLA is too prone to crack to 

use in a commercial solution. Therefore, finding alternatives to this material would be a big 

improvement.  

● Make the converter able to run on battery: The converter short-circuited when trying to 

power it from the battery. To be usable in the kit it needs to be able to be powered from the 

battery. 

● Use a more powerful microcontroller: The performance of Arduino Uno is severely 

limited in many aspects and has been found to not be suitable in a project of this kind. In the 

future using a more powerful microprocessor is recommended. 

10.7. Skills acquired 

The project encouraged all the members to study and learn new things. Below is a list of different 

things that has been learned during the project. 

● Solid-edge modelling for creating 3-D printed models and 2-D motor models. 

● Brushless DC motor modeling and theory of operation. 

● Theory behind converter operation for brushless DC motor. 

● Simulink modelling. 

● Theoretical knowledge of different brushless DC motor controllers. 

● Reading processor datasheets. 

● Practical electronics. 

● Carrying out electrical measurements. 

● Fastening PCB connectors. 
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● Mechanics of the bike. 

● Converter gate driving. 

● High level AI programming. 

● Embedded system programming with very limited hardware. 

● COMSOL modelling using a readily created base-model. 

 

11. Discussion and Conclusions 
All team members have learned new technical and theoretical skills depending on which part of the 

project they have been working on. Additionally, all team members have learned more about 

working in a project. This includes e.g. project planning, business aspects, teamwork and problem 

solving.  

 

The project scope has been relatively large and has had many different work aspects in different 

fields of engineering, mainly electrical engineering. A project of this kind is time consuming in the 

sense that there will always be improvements to make in the different subparts and their integration. 

However, the team learned a lot and has made a successful prototype with good documentation of 

the theory behind the different subparts. The documentation can be used as learning and 

introduction material for future development.  

 

12. List of Appendixes 

Appendix A: Motor simulation 

Appendix B: Mechanical assembly prototypes 

Appendix C: Converter board schematic (separate file) 

Appendix D: AI and motor control code (separate files) 

Appendix E: Project plan (separate file) 

Appendix F: Business plan (separate file) 

Appendix G: Budget tracking (separate file) 
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Appendix A -Concentrated winding motor simulation 

 

The aim of this study is to verify the performance of a concentrated winding outer rotor motor. No 

scientific algorithm has been used to optimize the shape of the rotor. However, some inspiration has 

been taken from commercial motors used in RC-applications.  

The tests have been done by using 2-D models of the stator and rotor which have been made in 

Solid Edge. These models are then compiled to a common geometry and then simulated in a 

confidential COMSOL-model designed by the project instructor Victor Mukherjee. 

Base model 
A reference base model is first presented to provide an overview of what will be tested in the 

simulation. The motor model that is going to be tested is a 10-pole 12-slots machine with a LRK-

winding. The implemented stator winding in the COMSOL model  is presented in Fig. 1. The main 

motor parameters are presented in table 1. The 3D-printing material for the yoke has low 

permeability, therefore the slot area is bigger than a conventional motor in the theoretical models. 

The full motor geometry is presented in Fig. 2.  

 

Fig. 1. Implemented stator winding 
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Table 1. Simulated motor parameters 

Parameter Value 

Lamination Dimensions 

Rotor outer diameter 90 mm 

Rotor stack length 100 mm 

Stator outer diameter 60 mm 

Stator inner diameter 8 mm 

Stator stack length 100 mm 

Air gap 1 mm 

Stator winding 

Number of stator slots 12 

Number of conductors in slot 12 

Stator slot area 83.77 mm^2 

Wire diameter 1.78 mm 

Magnets 

Magnet poles 10 

Magnet dimensions 15x5x100 mm 

Magnet magnetic field strength B 0.5 

Electrical parameters 

𝐼𝑟𝑚𝑠 10 [A] 

Frequency 50 Hz 

 

Fig 2. Simulated motor geometry 
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Results 

As seen in Fig. 5-6 the motor model produces a relatively smooth torque and as visualized in Fig. 6, 

the yoke does not saturate with the simulated parameter values. Thus, it is verified that this model 

can produce a smooth torque in our application.  

 

Fig. 3. Mesh of the motor geometry with boundary probe between the rotor and stator 

 

Fig. 3. Magnetic flux density as a function of  the rotor angle 
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Fig. 4. Axial torque as a function of the rotor angle 

 

Fig. 5. Axial torque as a function of time at rotor angle 0.4 rad.  
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Fig. 6. Magnetic flux density as a function of time at rotor angle 0.4 rad.  

 

Fig 7. Magnetic flux density at t= 0.064 s  
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Appendix B: Mechanical assembly prototypes 

 

 

Fig. 1. Initial prototype 

 

Fig. 2. Final prototype 
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