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Abstract—In this paper, a dynamic model for an e-bike is 

presented and its performance is evaluated. The model includes 

the main components constituting the vehicle electric drive such as 

the electric motor, the inverter, the DC-DC converter for speed 

control and regenerative braking, and the battery pack. The 

implementation is carried out in MATLAB-Simulink environment 

with the purpose of analyzing the power flows on the vehicle 

during target driving profiles. Unlike other models available in the 

literature, the developed model can represent a valuable tool to aid 

the designer in selecting and comparing different structural and 

component solutions. Knowing the efficiency of each component is 

possible to evaluate the global efficiency of the system in various 

operating conditions.   

Keywords—Micromobility, Simulation, Matlab, Simulink, E-

Bike, Dynamic Model, Regenerative Braking, Sustainability. 

I. INTRODUCTION 

The growing importance of micromobility to mitigate the 
climate change and environmental degradation underscores the 
need for innovative solutions that reduce the ecological footprint 
of daily transportation. In this context, e-bikes represent a 
suitable solution for energy-efficient travel, reduce emissions, 
and enhance accessibility. Various barriers restrict the 
micromobility systems widespread and numerous 
multidisciplinary studies are ongoing for addressing the 
constraining challenges. In Table I, the most important topics 
currently under study are summarized [1]-[15]. 

A particularly important aspect lies in the management of 
charging infrastructure. Optimizing the number of charging 
stations in a specific area and strategically planning their 
locations based on users' primary routes play a key role and 
studies facing this subject are found in [1]-[4]. 

A crucial element of e-bikes is represented by the electric 
motor, which is capable of providing additional mechanical 

power to the user's pedalling in order to make commuting more 
enjoyable and less strenuous. In this perspective, significant 
efforts are focused on the development and optimization of 
electric motors featuring higher efficiency and improved power 
density. The goal of these efforts is therefore to optimize 
geometries and select the best materials to reduce size and costs 
while maintaining power output [5]-[15]. 

From an electrical point of view, the main elements 
constituting an e-bike power-train are shown in Fig. 1.  

Regardless of the various available architectures, an e-bike 
is always characterized by an energy storage system, a power 
converter, and an electric motor. To minimize the weight of the 
bicycle, power converters required for recharging the battery are 
usually located within the charging infrastructure and are not 
integrated into the e-bike. 

One of the significant advantages of using electric vehicles 
is the ability to perform regenerative braking. While many 
studies on this topic are available in the literature, they are 
primarily focused on electric car vehicles. Currently, there are 
few studies in the literature on regenerative braking in the field 
of micromobility due to the low kinetic energy available during 
braking (micromobility vehicles feature limited mass and reach 
contained speeds); some of them are resumed in Table I. 

TABLE I.  MICROMOBILITY LITERATURE OVERVIEW 

Issue Reference 

Infrastructure Management [1], [2], [3], [4] 

Electric Motor Design and 

Control 
[5], [6], [7], [8], [9], [10], [11], [12] 

Energy Management System [13] 

Battery Pack Design [14], [15] 
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Fig. 1. Block diagram representation of an electric bycicle. 

 

Fig. 2. Vehicle dynamic forces and moments. 

As shown in [16]-[18], regenerative braking leads to significant 

energy storage only when the vehicle speed is not excessively  

low and when braking persists over time. Therefore, the control 

strategy should be capable to effectively evaluate whether 

performing regenerative braking or rely on mechanical braking, 

based on actual driving conditions. The same decision-making 

problem arises during the traction phase. Determining how 

much mechanical torque the electric motor should provide to 

assist the cyclist's pedaling falls within the decisions of the 

Energy Management System (EMS). Several studies have been 

proposed with the goal of optimizing user riding quality and 

maximizing energy stored in the batteries [13]. Finally, as 

shown in Table I, many studies are focused on optimizing 

energy storage. The target of these studies is to select the most 

suitable cell technologies for specific applications and optimize 

their quantity to ensure sufficient range to complete a given 

driving mission [14]-[15]. 

For this reason, to facilitate the improvement of all these 

aspects, an e-bike system-levels simulation tool is developed 

and built for enabling fast comparative analyses, which can 

quickly drive the decision process and the e-bike architecture 

evaluation. Furthermore, the simulation allows for the analysis 

of the vehicle's behavior under different driving profiles, 

namely varying speed and gradient profiles. This enables the 

selection of the best components for a specific mission and 

provides a preliminary idea of the appropriate sizing for the 

battery pack. 

The paper is organized as follows. In Section II, the one 

dimension dynamic model of the e-bike is presented. In Section 

III, the model describing the torque provided by the cyclist is 

provided. In Section IV, the e-bike powertrain model is 

introduced. In Section V, the energy storage is described. In 

Section VI, the simulation results are presented while in Section 

VII, the conclusions are derived. 

II. VEHICLE DYNAMIC MODEL 

One degree-of-freedom (1DOF) rigid vehicle body with 

constant mass undergoing longitudinal motion is used in this 

paper, as shown in Fig. 2. The choice of 1DOF model is due to 

its simplicity. It can provide a good approximation of the 

system's behavior without the added complexity of higher-

dimensional models.  In addition,  simulating the dynamics of 

a system using 1DOF model is computationally less intensive  

compared to multi-dimensional models. This aspect is of 

primary importance when it is necessary to simulate driving 

missions that last hours. The mathematical model can be 

summarized by the following equations 

�� � ���   (1) 
�� � ��� 	 ��
 � ��,� 	 ����,� ������� (2) 

 

where Fb is the equivalent longitudinal force applied on the 
vehicle, m is the total mass and x is the longitudinal position of 
the vehicle. The equivalent force is made up of several 
contributions such as the longitudinal force on front wheel at the 
ground contact points FxF, the longitudinal force on the rear 
wheel at the ground contact points FxR, the longitudinal drag 
force on vehicle Fd,x, the external force along the vehicle-fixed 
x-axis (for example due to wind resistance) Fext,x and the force 
due to the slope of the road. 

Zero normal acceleration and zero pitch torque determine the 
normal force on each front and rear axles. 
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where Mext,y is the external moment about vehicle center of 
gravity (CG), Md,y is the torque due to drag on vehicle about the 
vehicle-fixed y-axis, NF and NR are the number of wheels on 
front and rear axle respectively and are assumed to be equal to 
one, since a bicycle is analyzed in this paper. The parameter a 
and b are the distance of front and rear axles, respectively, from 
the normal projection point of vehicle CG onto the common axle 
plane, respectively. Moreover the following moments are 
defined as Ma=a(Fd,z+Fext,z+mgcos(γ)), 
Mb=b(Fd,z+Fext,z+mgcos(γ)), Mh=h(-Fext,x+Fd,x+mgsin(γ)+m �� ) . 
Finally, the wheel normal forces satisfy this equation 

��� � 	 �
� 
 � ����,� � ��!"���� (5) 
 

where Fext,z is the external forces applied to vehicle CG and 
it is assumed to be equal to zero. The equations used to calculate 
the drag force and moments acting on the vehicle are 

��,� �
1

2%&
'�()*��+��, � -��

.   (6) 

��,� �
1
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'/0()*��+��, � -��

.�� 	 ��   (7) 

where T is the ambient temperature, Af is the frontal area, Pabs 
is the absolute pressure, �,  is the vehicle speed, wx is the wind 
speed along the vehicle-fixed x-axis. The scheme resuming the 
main physical components is represented in Fig. 2. 

The parameters used in the simulation are chosen standard 
and compatible value for an e-bike; e.g. the mass of the bike 
equal to 10 kg, speed of wind equal to 0, ambient temperature 
and pressure equal to 25°C, 1 atm. 
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III. CYCLIST TORQUE MODEL 

The torque generated by the cycles is not constant and 
depends on the pedals position. In Fig. 3, the torque for different 
pedals angle position is shown. As first approximation, it is 
assumed that the driver is able to transfer its weight to the pedals 
during the motion [19]-[20]. Assuming that the driver has a 
weight of mdriver= 80 kg, and assuming a crank length of 175mm, 
the maximum torque is Tdriver

max = 140 Nm.   

 

Fig. 3. Cyclist torque at different pedal angle. 

Gears on bicycles serve to allow cyclists to adjust the effort 

required during pedaling based on the terrain and their physical 

resistance. Gears enable riders to change the relationship 

between pedaling and wheel rotation, allowing for more 

efficient cycling in different conditions. For instance, when 

tackling uphill sections, choosing a lower gear helps maintain a 

consistent cadence without exerting excessive muscle effort. 

To simulate the gear shifting behavior, it was hypothesized to 

change the transmission ratio based on the longitudinal wheel 

speed, as shown in Fig. 4. 

The torque generated by the driver, according to the speed can 

be therefore calculated as: 

%�123�1 �
%/���4

5�1�+0
 (8) 

IV. ELECTRICAL DRIVE  

The position where electric motor is placed significantly 
influences the characteristics of the vehicle. Two main solutions 
are available: the hub motor and the mid-drive motor.  

The hub motor is integrated directly into the wheel hub, 
making them relatively simple to install. The hub motors can be 
of type “geared” or “direct-drive”. The former has a planetary 
gear-box that increase the torque at bicycle low speed and reduce 
the weight of the motor. The latter is bulkier but can reach higher 
speed and produce less noise during operation. This integration 
simplifies the overall design of the electric bicycle. In addition, 
direct-drive hub motors support regenerative braking, since they 
don’t have internal free wheel mechanism, allowing the electric 
bicycle to recover and store energy during braking. On the other 
hand, they may have limited torque, particularly when climbing 
steep hills. They may not provide as much assistance in 
challenging terrain compared to mid-drive motors. 

Mid-drive motors generally provide better torque and 
efficiency compared to hub motors. They leverage the bicycle's 
gears, allowing for efficient power delivery and improved 
performance on hills. 

 

Fig. 4. Cyclist transmission ration ktrasm at difference bike speeds. 

Mid-drive motors take advantage of the bike's existing gears, 
allowing for a more versatile and efficient power delivery. This 
is particularly beneficial in varied terrain. On the other hand, 
installing a mid-drive motor can be more complex and costly 
than a hub motor: a professional installation might be necessary. 
In addition, adopting this solution the regenerative braking is not 
possible due to rear derailleur and due to the freewheel in the 
rear wheel that don’t transmit the power backwards during 
decelerations. 

A. Types of Motors 

The two main types of electric motor actually used for e-bike 
applications are the Brushless DC Motor (BLDC) and the 
Brushless AC Motor (BLAC). The main difference in the 
construction of the two types of machine is the back 
electromotive force (b.e.m.f.). BLDC have a trapezoidal b.e.m.f., 
while BLAC has a sinusoidal one. The factors that change the 
shape of the b.e.m.f. are the winding types, the span of the 
magnet over a pole, the pole and coil pitch, etc. 

BLDC motors are relatively simple in design, which can 
result in lower manufacturing costs. They are widely available 
and have a mature technology base. This makes them easy to 
source and integrate into e-bike systems. In addition, BLDC 
motors can offer high power density, providing substantial 
power output for their size and weight. They need for a simple 
120° resolution position sensor that is usually implemented 
through 3 Hall effect flux sensors. The main limitations of 
BLDC motors are their torque pulsations (especially at low 
speed) and limited torque at high speed. 

BLAC motors generally offer high efficiency and good 
torque characteristics, especially at low speeds. This is 
advantageous for start-up and climbing hills. In addition, many 
BLAC motors can operate without position sensors (sensorless 
control), reducing complexity and potential points of failure. 
The main drawback concerns the position sensor higher cost 
compared to BLDC motors. In fact, the use of a resolver or an 
encoder is generally required for the sensored machines, which 
is more expensive than the 3-hall sensors used in BLDC. In 
addition, in some cases, BLAC motors may have slightly lower 
power density compared to BLDC motors, although 
advancements in motor design are continually addressing this 
[21]. 

B. Case Study 

A three-phase direct-drive hub motor manufactured by nine 
continent (9C) is considered in the simulation (i.e., 9C+2707). 
The motor is equipped with rare-earth permanent magnets and 
each stator coil is formed by 7 turns. The rotor consists of 46 
magnets with a width of 27 mm. The magnet thickness is about 
3mm, while the length is about 13.5 mm.  
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In Table II, the main characteristics of the motor, extrapolated 

from [22], are shown.  

TABLE II.  MOTOR MAIN CHARACTERISTICS 

Parameter Value 

Actual Weight (kg) 6.1 

Motor Power Range (W) 600 

Magnetic Pole Pairs  23 

Number of stator teeth 51 

Motor Speed Constant (RPM/V) 9.1 

In the context of the simulation, the control of the motor is 
assumed in closed-loop of the speed signal. 

The torque-speed characteristics is shown in Fig. 5 

 

Fig. 5. Motor torque-speed characteristics. 

 

Fig. 6. Dependance of cell voltage Vbatt from SoC. 

 
(a) 

 
 

(b) 

Fig. 7. Speed and grade profile. (a) Speed profile for Mission 1 and Mission 

2. (b) Grade profile for Mission 1 (blue trace) and Mission 2 (red trace). 

V. DC-DC CONVERTER MODELING 

A bidirectional DC-DC converter is usually used as interface 
with the batteries for several reason. Firstly, during the traction 
phase, it is used to regulate the voltage at the input of the 
inverter. This allows to regulate the speed of the electric motor. 
Secondly, during the regenerative phase, the electric motor 
operates as a generator, converting kinetic energy back into 
electrical energy. The DC-DC converter can boost the 
electromagnetic force generated on the motor to properly charge 
the battery. 

Although the DC-DC converter is modelled via a constant 
efficiency (ηDC-DC=0.9) for the sake of fast simulation time, more 
detailed DC-DC converter modelling approach could have been 
employed [23]. 

VI. ENERGY STORAGE SYSTEM: LI-ION BATTERY PACK 

In micromobility, the most common energy storage 
technology is represented by the Li-Ion batteries [25]-[26]. After 
some analysis, a battery pack made up by two parallel of ten 
Samsung INR21700-48X cells connected in series have been 
chosen (for a rated voltage of 36 V). The main characteristics 
are summarized in Table III. As first approximation, the voltage 
vs SoC dependence shown in Fig. 6 has been assumed. 

TABLE III.  BATTERY PACK CHARACTERISTICS 

Parameter Value 

Rated Voltage 3.6 V 

Max/Min Voltage 4.2V / 2.5 V 

Capacity 4.8 Ah 

Maximum Discharge Current 9.6 A 

 

VII. DRIVE CYCLES 

In order to evaluate the effects of the mission profile on the 
regenerative braking, the two different drive cycles shown in 
Fig. 7 have been tested. The blue trace is referred as mission 
profile M1, while the red trace is referred as mission profile M2. 
Both the missions have the same speed profile, as shown in 
Fig. 7(a). The difference between the two profiles is the slope of 
the track. For the first mission profile (M1), the slope of the track 
is assumed to be equal to always zero, as shown in Fig. 7(b).  

The results are shown in Fig. 8(a) and (b), where the four 

translational forces acting on the vehicle during the mission 

profile M1 and M2 respectively are shown. The forces that 

produce positive acceleration are the force delivered by the 

rider FCyclist and the force generated by the electric motor during 

the pulling phase Fm. On the other hand, the forces that produce 

deceleration are the force from the mechanical brakes Fmech and 

the force produced by the electric motor during regenerative 

braking Fr. In Fig. 9, the current flowing through the battery and 

the SoC for the profile M1 with regenerative braking is shown.  

 

The comparison in terms of final SoC for the four cases are 

summarized in Table IV. The results show that allowing the 

regenerative braking, it is possible to recover up to 4.7 %. As 

expected, energy recovery is more pronounced for those 

stretches characterized by profiles that allow non-instantaneous 
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but prolonged braking at not excessively high speeds. Therefore, 

the extent of benefit in using regenerative braking system is 

closely related to the mission to be solved. This Simulink model 

is meant to facilitate the evaluation process at a preliminary 

stage of e-bike design.  

 

 
Fig. 9. Current flowing through the battery (red trace) and State of Charge 

during the misssion profile M1 with regenerative braking. 

 

TABLE IV.  SIMULATION RESULTS: FINAL SOC 

Case Study Value Extended Range 

Final 

SoC 

Profile 

1  

No Regen. Braking 29.1 % 
+ 4.7 % 

Regenerative Braking 33.8 % 

Profile 

2  

No Regen. Braking 16.9 % 
+ 2 % 

Regenerative Braking 18.9 % 

 

VIII. CONCLUSIONS 

In this paper, a Simulink model able to model the dynamic of an 

e-bike was built. The developed model takes into account the 

main components of the e-bike powertrain including the 

regenerative braking feature. Key strengths of the system-level 

simulation tool are its user-friendly nature and the light 

calculation burden, which enable fast comparison among 

different electric drive components and mission profiles 

orienting the preliminary design choices. Considering the 

investigated e-bike architecture, the regenerative braking 

allows to achieve a driving range extension of 4.7% when a flat 

mission profile is simulated, while the same value is reduced to 

2% in case of sloped road. In the latter case, a greater amount of 

energy is recovered although more power is drained from the 

battery, since the rider power is kept constant and the mission 

 
     (a) 

 
      (b) 

Fig. 8. Traslational forces acting on the bycicle. (a) Mission profile 1. (b) Mission profile 2. 
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profile is more challenging due to the climbing sections of the 

mission profile.  
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