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Abstract

A promising approach to advancing sustainable urban mobility is the increased use of
light electric vehicles, such as e-cycles and their cargo-carrying variants: e-cargo cycles.
These micromobility vehicles fall between e-cycles and conventional vehicles in terms
of transport capacity, range, and cost. A key advantage of e-cargo cycles over their non-
electrified counterparts is the electric powertrain, which enables them to carry heavier
payloads, travel longer distances, and reduce driver fatigue. Since the primary use of
e-cargo cycles is urban parchment deliveries, trip efficiency plays a critical role in their
effectiveness within urban logistics. This efficiency is influenced by factors such as travel
distance, traffic density, and the weight and volume of the delivery payload. While higher
delivery capacity generally enhances efficiency, studies have shown that as the drop size
increases, the efficiency of e-cargo cycle delivery trips tends to decline. A practical way to
address this limitation is the use of cargo attachments, such as trailers. These micromobility
solutions are already widely implemented globally and significantly enhance transport
capacity. This paper reports the process of designing and testing the control algorithm
of an electrical system for an experimental attachment demonstrator that can be used to
convert most cycle vehicles into cargo variants. The system integrates two 250 W BLDC hub
motors, two 576 Wh lithium-ion batteries, dual load-cell sensing in the coupling element,
and an STM32-based controller to provide independent propulsion and synchronization
with the leading cycle. The force-based control strategy enables automatic adaptation
to varying payloads typically encountered in urban logistics, which is supported by the
variable storage volume capable of transporting payloads of up to 200 kg.

Keywords: green logistics; smart cities; micromobility; sustainability; green mobility;
cargo cycles

1. Introduction

Green logistics initiatives in urban areas have increased the demand for electric vehi-
cles, e-cargo bikes, and other e-mobility options as cleaner transportation alternatives. This
shift has also heightened the demand for freight and passenger transport solutions capable
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of operating effectively within the limited spaces of urban environments where micromobil-
ity solutions play a key role. This growing focus is reflected in multiple European projects
and policy frameworks that promote micromobility and sustainable urban logistics. In the
European Commission’s “Sustainable and Smart Mobility Strategy” under the European
Green Deal, an action plan with 82 measures to cut emissions by ~90% by 2050 is presented.
Amongst these measures, multimodality is mentioned as a way to integrate micromobility
with public transport solutions [1]. The “Fit for 55” package mandates zero-emission for
all new cars by 2035 and with the wider Sustainable and Smart Mobility Strategy (SSMS),
under the broader European Green Deal, which explicitly encourages, through active mo-
bility funding investments, modal shift, multimodality and sustainable urban mobility
solutions [2]. Other specific EU funded initiatives include “CityChangerCargoBike” which
aims to accelerate cargo bike adoption in urban areas [3] and “ULaaDS”, a project that
emphasizes the benefits of light electric vehicles and e-cargo bikes when integrated into
flexible, on-demand urban logistics systems [4].

Across numerous regions, cycle attachments and trailers are commonly employed to
expand the transport capacity of bicycle-based systems in situations where alternatives are
less economically viable [5]. Compared to a regular pedal electric cycle (PEDELEC) vehicle,
trailers increase the transport capacity up to a factor of three, supporting payloads of up to
200 kg [6-8]. Other electrically assisted trailer solutions (eTrailers) available on the market
leverage the advantages of the added modularity both for personal and business purposes.
Performance specifications for four commercially available eTrailer models are shown
in Table 1.

Table 1. Performance specifications for eTrailer products [9-11].

Carla Cargo Aveon NUWIEL
Manufacturer (Herbolzheim, (Lormont, (Hamburg,
Germany) France) Germany)
Product eCARLA e-STD100 CARGO100 NUWIEL
Electric motor power [W] 250 <1000 peak <1000 peak 250
Battery capacity [Wh] 720 optional NR 600-800
Maximum allowed 200 45 100 150
payload [kg]
Cargo volume [m3] 1.5 0.16 NR 1
Top speed [km/h] 25 25 25 25

These products offer electrical assistance and easy integration with common cycle
vehicles to enable the transportation of higher payloads although having fixed cargo
volumes. Products such as eCARLA and NUWIEL can also be used in a handheld mode,
thus giving the option of large parcel manipulation over short distances [9,11].

Given the rising interest in micromobility as a means for reaching green transportation
goals, this effort describes the development and testing of the electrical assistance system
for a modular cargo attachment for cycles.

The attachment enables the use of most two-wheeled pedal vehicles for logistics
purposes, providing increased versatility, reduced transport costs and energy use, and
substantially lower greenhouse gas emissions and congestion compared with conventional
delivery vehicles in dense urban areas.

2. Attachment Features

The development process of the attachment started with the requirements specification
for the system. The present work precedes the fabrication of the attachment’s mechanical
structure. In [12], the development process of the three-dimensional CAD model is de-
scribed, detailing the requirements for compliance with the legal framework as well as the
safety standards incorporated into the design process. Furthermore, in [12] vehicle dynam-
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ics simulations were performed using a mathematical model that identifies the stability
conditions of the system and illustrated the various physical phenomena influencing its
behavior. The simulations primarily examined parameters related to longitudinal stability,
to analyze rollover tendency and wheel slip. The results revealed the limitations of the
attachment through correlations between conditions such as road slope value, load mass,
velocity and forces that act on the attachment’s frame.

Compared to current pedal vehicle cargo transport options, the proposed solution
introduces three features:

7

e Independent electric assistance: the attachment does not rely on the PEDELECs
electric assist system;

o  Flexibility: the ability to adapt to various types of pedal vehicles through a universal
coupling mechanism;

e  Variable storage volume: to maximize transport efficiency [12].

An analysis of existing attachment and trailer designs [13-16] a three-dimensional
model of the electrically assisted attachment was designed as shown in Figure 1.

(a) (b)

Figure 1. Three-dimensional renditions of the attachment: (a) Compact configuration; (b) Fully
extended [12].

Two main characteristics of the system’s design are its modularity and simplicity of the
mechanical components that the users will interact with. Since the attachment integrates
an electrical assistance system, the weight of its battery, motors, and wiring must be taken
into account in the overall mass of the demonstrator. As a result, the materials chosen for
the frame of the attachment must provide high durability, low weight, water resistance and
sustainability [12].

Since the attachment is designed for urban logistics applications, particularly parcel
and product delivery adherence to safety regulations and standardized vehicle dimensions
is essential. Consequently, both the attachment and the cycle must comply with public
road regulations meant for PEDELEC operation, including constraints on size, shape, and
performance. Additionally, the adjustable cargo volume requires that all dimensional
configurations comply with the relevant road-use regulations [17-20].

2.1. Hardware Characteristics

This research effort seeks to contribute to the decarbonization of urban transport
by developing a modular electrically assisted attachment for pedal vehicles. Using an
attachment for parcel transportation is an emerging application, as these systems are most
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commonly used for transporting children. Since the system must be compatible with a
wide range of cycle models, its functionality is defined by the following key requirements:

e  The attachment must match the speed of the coupled cycle without disrupting natural
pedaling dynamics or introducing excessive drag. This ensures a smooth riding
experience while maintaining the natural dynamics of pedaling.

e  The attachment should be capable of providing additional propulsion when necessary,
such as during uphill climbs, rapid accelerations, or when extra assistance is needed
due to rider fatigue.

The proposed solution aims to match the leading cycle’s velocity by keeping the forces
in the coupling mechanism as close to zero as possible. Thus, in the case of a positive
resistive force, the trailer will accelerate so as not to increase the load on the leading
vehicle, while in the case of a negative force, the trailer will brake to avoid pushing the
leading vehicle during deceleration or stopping. By developing the control algorithm
using a programmable microcontroller, the mentioned requirements are addressed through
software functions.

To achieve full modularity, the attachment’s propulsion system must be entirely
independent and therefore must not rely on an external power source, such as an e-bike’s
battery system. Instead, it should incorporate an independent power supply that provides
sufficient range and enables efficient energy management while ensuring adaptability
across different cycle models. Dedicated sensors must be integrated to continuously gather
essential data, including vehicle speed, applied torque, and real-time feedback from the
electric motors. These sensors ensure optimal power delivery by adjusting motor output
based on riding conditions and user input.

Given its intended functionality, the attachment’s electrical architecture closely resem-
bles that of an e-bike system, as it must fulfill similar operational requirements. The core
components of the electrical assistance system include:

e A dedicated battery pack that supplies power to the system, designed to offer sufficient
energy storage for extended use while maintaining a compact and lightweight profile.

e  DC motors that provide the necessary propulsion characteristic, carefully selected
based on power efficiency, torque output, and speed adaptability.

e  Acceleration and torque sensors that monitor rider input and road conditions, allowing
real-time adjustments to motor output for a natural and responsive riding experience.

e A static converter that regulates and optimizes the power flow between the battery,
motor, and controller, ensuring efficient energy distribution.

e A controller that acts as the system’s intelligence hub, processing data from the sensors
and executing the embedded control algorithm to manage speed synchronization,
power distribution, and dynamic assistance levels.

By integrating these components into a cohesive system, the attachment effectively
enhances a conventional cycle vehicle with electric assistance while maintaining full modu-
larity and independence from existing e-bike power sources.

2.1.1. Electrical Motors

Electric cycle configurations commonly include either brushed DC motors or brushless
DC (BLDC) motors [21-23]. Due to its higher reliability and power density as well as the
reduced dimensions, the more popular choice in recent years has been the brushless DC
motors or BLDC. These motors produce torque via electromagnetic interaction between
stator windings and rotor-mounted permanent magnets. Furthermore, the advantages of
a BLDC motor include its simple and durable electromagnetic design, easy control and
excellent power-to-weight ratio. However, its drawbacks include the commutation of phase
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currents, significant torque ripple, and a delay in reaching the demanded torque at high
speeds. Figure 2 showcases the control strategy of a BLDC motor powering a vehicle.

DC supply :D Converter ::> DC motor :{> Vehicle

Demand Sensors

(setpoint) feedback
:> Controller

Figure 2. Control scheme for a brushless DC motor (adapted from [24]).

For this demonstrator, the negative effect of the delayed torque response at high
rotational speeds is mitigated through the control algorithm. The load-based PID con-
troller running on the STM32 microcontroller (STMicroelectronics, Geneva, Switzerland)
is tuned considering the closed-loop dynamics of the motor—controller unit and includes
speed-dependent gain adjustment and output filtering, as detailed in Section 3.1. This ap-
proach ensures that the attachment can track the required coupling force without inducing
oscillations or instability at higher speeds.

The specifications for the DC motors used for the attachment are listed in Table 2.

Table 2. Selected BLDC (model BESWXK36V250W255R) characteristics (Bafang Electric, Suzhou,

China) [25].
Rated
Rated Power Rated Efficiency . Freewheel Torque
Vo[l\tﬁge (W1 Current [A] [%] Weight kel speed fkm/ml ~ [Nm
36 250 7 >78% ~3 kg 20-30 20-35

2.1.2. Battery Systems

Battery Energy Storage (BES) is indispensable in the performance of e-bikes, deter-
mining key factors such as cost, efficiency, weight, and lifespan [26,27]. The selection
of an appropriate battery for e-bikes is influenced by multiple considerations, including
energy density, power density, safety, longevity, and affordability [28-32]. Rechargeable
batteries used in e-bikes include lithium-ion, lead-acid, nickel-metal hydride (NiMH),
vanadium redox, nickel-cadmium (NiCd), zinc-bromine and sodium-sulfur [26,30-32].
Among these, lead-acid batteries are most widely used due to their low cost (approximately
$35/kWh) [33]. However, their low energy density makes them heavy compared to modern
alternatives. Despite their affordability, they exhibit a short lifespan and low round-trip
efficiency, which limits their suitability for high-performance applications.

A key advantage of NiMH batteries is a higher energy density compared to lead-
acid batteries while maintaining greater longevity. They are priced at around $350/kWh
and, although they exhibit better environmental sustainability and longer cycle life, their
relatively lower power density and weight efficiency limit their widespread use in modern
e-bikes [33].

Lithium-ion (Li-ion) batteries are the predominant choice in the e-bike market, offer-
ing superior energy and power density (200-400 W /L and 500-2000 W /L, respectively),
lightweight design, and long service life (5-15 years) [26,33]. Despite their higher price per
unit of energy compared to lead-acid batteries (up to 20 times higher) ongoing advance-
ments in manufacturing, such as those from Tesla Motors and Panasonic, have helped
lower prices from ~$700/kWh to as low as $300/kWh, with targets near $100/kWh [28].
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However, lithium-ion batteries still face notable drawbacks, including high costs and faster
discharge rates compared to other types. Despite this, their advantages make them the
preferred choice for major e-bike manufacturers [26].

Currently, 70% of Li-ion battery production costs come from the acquisition of raw
materials [34]. In this regard, the energy storage system accounts for approximately 30%
of an e-bike’s total weight (2.0-3.5 kg) and 48% of its total cost [35]. The placement of
the battery pack influences ride comfort, with studies suggesting (based on weighted
vertical acceleration analysis [36]) that mounting the battery under the seat tube offers
better comfort compared to rear cargo rack placement [36]. Other rechargeable options,
such as vanadium redox flow batteries (VRBs), offer higher round-trip efficiency, longer
discharge durations, and extended service life. However, due to their complex structure
and high cost, they are less commonly used in commercial e-bike applications [26].

Ongoing advancements in battery technology, manufacturing efficiency, and material
sourcing are expected to further reduce costs and improve overall battery performance,
ensuring continued innovation in the e-bike industry [26]. The specifications for the
batteries used for the attachment are listed in Table 3.

Table 3. Selected battery (model YJ1281005) characteristics (Y] Power Group Limited, Shenzhen,
China) [37].

Nominal Voltage [V] Rated Capacity [Ah] Rated Energy [Wh] Weight [kg]
36 16 576 3.11

2.1.3. Sensors and Controllers

E-bikes rely on various sensors to optimize their performance. These sensors play
a crucial role in monitoring the rider’s input and the vehicle’s conditions, enabling real-
time adjustments to power delivery. Among the most commonly used sensors are torque
sensors, which measure the force applied by the cyclist; cadence sensors, which track the
pedal rotation speed; and speed sensors, which monitor the vehicle’s velocity. The data
collected from these sensors allows the motor controller to regulate power output efficiently,
ensuring smooth and intuitive assistance [38].

Modern PEDELECs in Europe primarily operate using a powertrain controller with
a “constant gain” strategy. This control logic is based on three key parameters: the cy-
clist’s torque input, cadence, and vehicle speed. Riders may choose among three to five
operating modes to set their preferred assistance level, with the exact options varying by
manufacturer and e-bike model. To comply with EU regulations, e-bikes are subject to a
speed limit of 25 km/h. Once this threshold is reached, the motor controller automatically
disables assistance, ensuring that the vehicle does not exceed legal speed constraints while
maintaining a natural pedaling experience [28].

E-Bikes with embedded intelligence remain in the early stages of development [39].
Many e-Bike brands market their offerings as “intelligent”, often as a promotional strat-
egy rather than a reflection of true advanced functionality. Some models incorporate
onboard computing systems equipped with Global Positioning System (GPS), anti-theft
tracking, and connectivity options with smartphones via Bluetooth and Universal Serial
Bus (USB) [28]. Other e-Bike models allow users to connect their smartphones, leveraging
built-in GPS and sensors to analyze and display ride-related data or share it on social net-
works [40]. These features typically support navigation, performance tracking, and health
monitoring. Furthermore, recent innovations include interactive feedback on handlebars,
such as flashing lights and vibration alerts, as seen in the crowdsourced e-Bike by Canadian
company Vanhawks Valour (Toronto, Canada). This system helps cyclists navigate routes
with minimal distractions, improving road safety by alerting riders to hazards ahead [41].
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Additionally, modern intelligent e-Bikes claim to provide users with detailed ride data,
including bike location (longitude, latitude, altitude, and time), motor assistance usage,
and sensor-based metrics such as seating pressure and foot pressure distribution. However,
despite collecting this information, many systems fail to offer clear insights into how these
data points benefit users or enhance the riding experience [28,42]. The specifications for
the controllers used for the attachment are listed in Table 4.

Table 4. Selected controller (model LSW943-92F) characteristics (Nanjing Lishui Electronics Research
Institute Co., Ltd., Nanjing, China) [43].

Rated Voltage Maximum Rated Low Voltage Throttle Adjustment
[V] Current [A] Current [A] Protection [V] Voltage [V]
36 14 7 31.5 1.2-44

In terms of controllers, the main input given by the driver is the throttle signal which is
processed and regulates the motor through the motor driver. The motor voltage is adjusted
according to throttle values, allowing precise control over power and speed. Additionally,
the controller continuously monitors speed sensor readings. The speed sensor operates
based on the Hall effect principle, transmitting real-time wheel RPM data [44]. Some
controllers are designed solely for basic operations such as acceleration and pedal-assist
control, while more advanced controllers offer greater processing power. These advanced
controllers can manage multiple features using various inputs, outputs, and complex
algorithms [45].

In ref. [46], an integrated powertrain control system is introduced, based on
proportional-integral-derivative (PID) control. The system utilizes a BLDC hub motor,
which is managed through field-oriented control for both driving and braking operations.
Simulation results using a DC motor are presented in ref. [47]. In ref. [48], an ATMEGA-32
microcontroller is employed to regulate the analog input from the throttle in an e-bike. A
similar approach is described in ref. [49], where an Arduino-based control drive is imple-
mented for a brushless DC hub motor. Further simulations and a comprehensive system
description are provided in ref. [50].

Although multiple microcontroller options are available for e-bike applications the
STMB32 microcontrollers offer distinct advantages, including real-time communication with
other system components. STM32CubelDE (STMicroelectronics, version 1.16.1) provides
an integrated environment for coding, debugging, and peripheral configuration, making
it highly suitable for firmware development. When applied to e-bike control systems,
STM32 platforms support customized software implementations that refine speed-control
algorithms and user interfaces, resulting in reliable speed regulation and enhanced user
interaction [44].

The development board used for the demonstrator is the STM32 NUCLEOF030R8
board (STMicroelectronics, Geneva, Switzerland) having the following purposes:

e  Managing the data acquisition from the two load cells;

e  Sending data over serial through the UART protocol for logging, display and debugging;

e  Processing the sensor values and executing the PID control algorithm to generate the
throttle signals.

The two CZL635 single-point load cells (Guangdong South China Sea Electronic
Measuring Technology Co., Ltd.: Guangdong, China) were selected for their high precision
(0.05% ES), compact form factor, and suitability for low-capacity force measurements up to
20 kg, ensuring accurate detection of coupling forces within the experimental setup [51].
The specifications for the HX711 modules (Avia Semiconductor, Xiamen, China) used for
the attachment are listed in Table 5.
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Table 5. CZL635 load cell characteristics [51].

Capacity [kg] Precision [%] Rated Output [mv/V]  Excitation Voltage [V]
20 0.05 1.0+ 015 mv/V 5

Two HX711 modules were used to amplify the signal coming from the load cells and
to convert the incoming signal from analogue to digital format. The specifications for the
HX711 modules used for the attachment are listed in Table 6.

Table 6. HX711 module characteristics [52].

Power Supply Analog Supply Digital Supply Output Settling Reference Bypass
Voltage [V] Current [uA] Current [uA] Time [ms] [V]
2.6-5.5 1400 100 400 1.25

3. Software
3.1. Speed Control Loop

The control strategy for the demonstrator is shown in Figure 3. The two load cells are
mounted on the attachment’s coupling mechanism to the leading vehicle. Each load cell

reading is used as feedback in the PID controller and generates the setpoint for the DC
motor to keep the force applied on the cell as close to zero as possible.

Stati RPM Demand
< DC Motor [€ aic B trough
Converter accelerator pedal
DC Supply
DC Motor (—I— ¢

Static RPM Demand

C € trough

I Vehicle onverter accelerator pedal

rl

Vehicle speed {
(feedback) {/

- ¥ ; .’T‘

g Al
. 8,
{ e

1
2]

Rpm | prpy control
setpoint]

=

e
Load cells
SR

s sMz | [ ]

Figure 3. Control strategy for the electrical assistance system of the attachment.

As long as the value is higher than zero, it means that the leading vehicle is pulling the
attachment forward, which creates additional effort for the driver. This can be adjusted by
increasing the motor’s speed. On the other side, if the values are negative, it means that the
attachment is pushing the vehicle, which can cause instability for the overall system both in
maintaining a certain speed and keeping a straight trajectory. In Figure 4, four movement
cases are shown to illustrate the different combinations of positive and negative load cell
readings depending on the action of the leading cycle. Figure 4a shows linear forward
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movement. In this case a positive load value can be expected on both sensors, causing
the attachment to accelerate until the leading vehicle’s velocity is reached. Conversely
Figure 4b shows the reverse situation where the leading vehicle either moves backwards or
brakes. In this case negative load values can be expected from both sensors, causing the
attachment to reduce its speed until equilibrium is achieved. Two non-linear movement
cases are displayed in Figure 4c,d. In both scenarios, the two sensors register different load
polarity values, requiring the controller to adjust each motor’s speed independently.

A A
! !
i i

Figure 4. Load readings in the coupling assembly in different moving scenarios for the attachment-
cycle system. (a) linear movement forward; (b) leading cycle braking; (c) left turn; (d) right turn.

Using the selected hardware components, a prototype of the sensors—controller as-
sembly was built to test the software component responsible for controlling the trailer’s
electric motors. The system evaluates the commands sent by the STM32 control unit to the
actuators under different forces acting on the coupling system between the trailer and the
leading vehicle, as measured by the load cells. Both the signal simulating the forces applied
to the coupling mechanism and the calculated motor control signal are displayed through a
simple Python (Python Software Foundation, version 3.12) application, developed for the
purpose of validating the controller’s functionality.

The controller outputs two DC motor setpoints and receives feedback in the form of two
signals through the loads measured on the attachment coupling mechanism. This allows the
attachment to steer due to the fact that the command for one DC motor is calculated based on the
load signal from the load cell on the same side. To exemplify this scenario the following sensor
readings are considered in Figure 5: a negative load value on the left-side sensor and a positive
load value on the right one. This would mean that there is a negative force applied on the left
side of the coupling mechanism (the attachment pushing the leading vehicle) and a positive
force on the opposite side (the leading vehicle dragging the attachment). This translates to a left
turn initiated by the driver. Because both controllers have to keep the sensor value readings as
close to 0 as possible, the command given to the left-side motor will decrease its RPM and an
acceleration command will be given to the right-side motor. Conversely, a right-turn scenario
would exhibit inverted load values on the two sensors, producing opposite motor responses.
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The PID_Compute() function implements a discrete PID controller that continuously
adjusts the PWM output based on the error between the desired setpoint (0 load value) and
the current load cell reading.

// Variable definition

float Maximum_rate = 15f; // Max change of output per cycle
float Previous_Output_value = 0.0f; // Last throttle value

// PID Parameters

float setpoint = 0.0f; // Desired force = 0

float Kp_low = 0.8f; / / Proportional gain low speed region

float Kp_high = 0.4f; / / Proportional gain near maximum speed
float Ki = 0.05f; // Integral gain

float Kd = 0.3f; // Derivative gain

// Threshold for adaptive control

float Motor_Command_threshold = 80.0f;
// Integral limits for anti-windup
#define INTEGRAL_MAX 200.0f

#define INTEGRAL_MIN -200.0f

// PID State variables

float integral = 0.0f;

float previous_error = 0.0f;

// PID Controller Function
uint32_t PID_Compute(float input)
{
float error = setpoint-input;
// Adaptive Kp
float Kp = (Previous_Output_value < Motor_Command_threshold) ? Kp_low : Kp_high;
// Derivative calculation
float derivative = error-previous_error;
previous_error = error;
// Output calculation before integral update
float output = Kp * error + Ki * integral + Kd * derivative;
// Rate limiting
if (output > Previous_Output_value + Maximum_rate)
output = Previous_Output_value + Maximum_rate;
if (output < Previous_Output_value - Maximum_rate)
output = Previous_Output_value - Maximum_rate;
// Output saturation
if (output < 0) output = 0;
if (output > 100) output = 100;
if (!((output <= 0 && error < 0) | | (output >= 100 && error > 0))) {
integral += error;
// Clamp integral to prevent excessive accumulation
if (integral > INTEGRAL_MAX) integral = INTEGRAL_MAX;
if (integral < INTEGRAL_MIN) integral = INTEGRAL_MIN;
}
Previous_Output_value = output;
return (uint32_t)output;
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The function calculates a proportional term (reacting to the current error), an integral
term (accumulating past errors to correct steady-state drift), and a derivative term (pre-
dicting future error trends to dampen oscillations). These terms are combined and scaled
by Kp_high, Kp_low, Ki, and Kd, respectively, to produce a control output, which is then
saturated between 0 and 100 and used to set the motor’s PWM duty cycle, helping maintain
balance around the target force applied by the leading cycle vehicle.

To address the limitations of BLDC hub motors at higher rotational speeds, the PID
controller was extended with adaptive gain scheduling and output rate limiting. Combining
these measures ensures an improved closed-loop behavior at different operation points.
The adaptive proportional gain is employed because the torque response of a BLDC
motor decreases as it reaches the electromotive-force-limited operating region. Using a
fixed proportional gain (Kp) can lead to oscillatory behavior when the motor command
approaches its upper range. To overcome this, the controller monitors the previous throttle
output and switches between two proportional gains. When the motor command is below
a defined threshold (80% of maximum), the controller uses a higher Kp for rapid force
correction. When the command exceeds this threshold, a reduced Kp is applied to prevent
aggressive corrections.

In addition to adaptive gains, a rate limiter was introduced to constrain the maximum
allowed change in the throttle signal between consecutive control cycles. This ensures that,
even if the calculated error momentarily increases, the controller will not request torque
steps that exceed the motor’s achievable torque slew rate. At higher command levels the
rate limiter synchronizes the commanded torque changes, eliminating the risk of opposite
sign oscillations in the hitch. To maintain stability during prolonged saturation or when
the load force is close to zero, integral action is updated only when the output is within its
valid range. Additionally, the integral term is clamped to predefined limits. This prevents
integral windup and ensures predictable behavior under rapidly changing load conditions.

To preliminarily assess the behavior of the proposed controller independently of the
mechanical attachment, an open-loop simulation was performed on the PID controller. The
controller was excited with a representative force profile designed to stress the adaptive
gain, rate limiter, and anti-windup mechanisms. The resulting performance metrics demon-
strate that the controller reacts consistently and remains numerically stable across the full
operating range (Table 7).

Table 7. Performance metrics of the PID controller.

Parameter Value
Time in Deadband 3.00s
Settling Time 3.49s
Integral of Absolute Error 703.24
Integral of Squared Error 33,187.25
Integral of Time-weighted Absolute Error 6459.90
Rise Time 0.39s

For the purpose of this preliminary assessment, the simulated sensor signal was chosen
to simulate a real urban scenario with hitch forces reflective of starting, braking as well as
induced oscillations that could occur. The input dataset reflects sensor readings equivalent
to a range between 60 N and —50 N which translates to a low cargo load in the attachment’s
compact configuration. The simulated hitch force as well as the output calculated by the
controller are shown in Figure 6.
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Figure 6. Simulated hitch force and calculated motor command in an open loop test.

The parameters used in the presented simulation constitute an initial tuning
chosen to ensure numerical stability and safe control action during early development.
The PID controller will undergo systematic retuning using in closed loop to allow the
final controller to be optimized for stability, responsiveness, and safety under real
operating conditions.

3.2. Data Visualization in Python

In the process of developing the algorithm for the electrical assistance system, a simple
tool for data visualization was created using python to check the UART connection of the
STM32 by analyzing incoming sensor readings while also allowing different configurations
for displaying the results.
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SERIAL_PORT = "COMS8"
BAUD_RATE = 115200
ser = serial.Serial(SERTAL_PORT, BAUD_RATE, timeout=1)
BUFFER_SIZE = 100
data = deque([0] * BUFFER_SIZE, maxlen=BUFFER_SIZE)
plt.ion()
fig, ax = plt.subplots()
line, = ax.plot(data)
while True:
try:
line_data = ser.readline().decode(errors="ignore').strip()
if "Loadl" in line_data:
data.append(line_data)
line.set_ydata(data)
ax.set_ylim(min(data)-10, max(data)+10)
except ValueError:
print(f"Skipping: {line_data}")
ser.close()
plt.ioff()
plt.show()

This Python script enables a serial connection with an STM32 microcontroller to receive
and visualize real-time data for the load cell module. It is configured to read from a specified
COM port (COMS) at a baud rate of 115,200 and continuously reads incoming serial data.
The script filters for lines containing the label “Load1” to extract sensor measurements,
which are expected in a numerical format (e.g., “Load1: 1234 g”). These values are parsed,
appended to a fixed-length buffer (using a deque with a size of 100), and plotted live using
the matplotlib library. The plot dynamically updates with each new reading, including auto-
scaling the Y-axis based on incoming data. It also includes error handling for malformed
data and allows clean termination through a keyboard interrupt.

4. Serial Communication

In order to ensure the attachment’s electrical assistance function, reliable data acquisition
was paramount both for testing, validating and optimizing the implemented controller. For this
reason, the prototype was developed for the purpose of data acquisition and debugging, so all
the signals can be plotted and recorded. The development process began with configuring an
STM32CubelDE project for the NUCLEO-FO30R8 board, integrating HX711 load cell amplifiers
for force measurement. The final configurations for the internal clock are visible in Table 8.

Table 8. Internal clock configuration.

Parameter Value
Internal High-Speed Oscillator (HSI) 8 MHz
Input to PLL: HSI/2 4 MHz
PLL Multiplier x12
PLL Output 4MHz x 12 =48 MHz
System Clock (SYSCLK) PLLCLK
Frequency 48 MHz
AHB Prescaler HCLK =48 MHz
APBI1 Prescaler PCLK1 =48 MHz
USART Clock: Derived from PCLK1 48 MHz

UART baud rate 115,200
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Initial tests focused on reliably acquiring and transmitting sensor data via UART, vali-
dated through STM32CubeMonitor (STMicroelectronics, version 1.10.0). Various methods
were explored to optimize the data transmission rate, including reducing message length,
increasing the UART baud rate, and switching from text-based to binary data formats. A
custom data frame with defined start and end markers was implemented to ensure data
integrity and efficient parsing. These enhancements were tested and confirmed using both
a real-time Python visualization script and the STM32CubeMonitor application. Figure 7
shows a test performed to check the responsiveness of the sensor to static conditions with a
static force applied to the center of the load cell.

Chart

START ACQUISITION STOP ACQUISITION CLEAR GRAPHS

(O Show Points Show All

50,000
45,000
40,000
35,000
30,000
25,000
20,000 o —
__ 15,000
2 10000
S 5000
[ 0
-5 000
-10,000
-15,000
-20,000
-25,000 e ——
-30,000
-35,000
-40000 | e
-45,000
-50,000
T T T T T T T T T T
26 27 28 29 30 31 32 33 34 35
Time (s)
@ weight1

IMPORT DATA

Figure 7. Load cell data transmission test via UART.

5. Discussion

The proposed electrically assisted modular attachment represents a sustainable modu-
lar solution for urban services having increased transport capacity, enhanced trip efficiency
through its variable cargo volume and being compatible with a wide range of cycle vehi-
cles. Its independence from the leading vehicle’s electrical system makes it a versatile and
transferable solution for urban logistics, while the modular design supports flexible use
in diverse delivery scenarios. However, limitations remain, such as potential challenges
related to battery autonomy and durability under intensive use. From a production perspec-
tive, the use of widely available e-bike components supports cost-effective manufacturing
and maintenance, yet scaling up requires standardization of the coupling mechanism and
further validation of safety compliance. Large-scale implementation could be enabled by
partnerships with logistics providers and urban mobility programs, while future devel-
opment should focus on refining the control algorithm, improving energy efficiency, and
integrating connectivity features for fleet management. Further planned activities that
will provide data regarding public acceptance and collaborations include surveys for local
logistics companies, feasibility study and SWOT analysis with cost impact.
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6. Conclusions

This study presents the development of an electrical assistance system for a modular
cargo attachment designed for lightweight cycles used in urban parcel transportation.
By leveraging widely available e-bike technologies such as BLDC motors, lithium-ion
battery systems, torque and speed sensors, and embedded microcontrollers, this solution
demonstrates the potential to convert conventional cycle vehicles into efficient, e-powered
logistics vehicles. The modular aspect of the system addresses a critical limitation in current
cargo cycles design: lack of adaptability in terms of coupling and cargo volume. This may
discourage users from adopting micromobility solutions particularly at the entry level,
where cargo cycle options remain limited. The variable cargo volume ensures the maximum
trip efficiency by giving the users the option of adjusting the size of the attachment when
needed. Furthermore, with an independent electrical system and real-time adaptive speed
control, the attachment maintains optimal performance across varying payloads and urban
driving scenarios.

The control algorithm based on dual load-cell feedback and PID control ensures
dynamic synchronization with the leading cycle. This strategy minimizes driver effort
while avoiding instability due to push-pull dynamics during acceleration, braking, or
cornering. Moreover, the integration of accessible firmware tools like STM32CubelDE
and Python-based data monitoring provides an open and scalable development pathway,
ensuring that further enhancements in control precision and user feedback are viable.

This effort contributes to the advancement of sustainable urban mobility by offering a
zero-emission, space-efficient, and cost-effective alternative to traditional last-mile delivery
vehicles such as vans and trucks. Given the increasing demand for urban environments
to prioritize the decarbonization process in the transport sector and reduce congestion,
modular solutions can play a key role in micromobility ecosystems. Additionally, by
allowing compatibility with a wide range of pedal vehicles, multiple users can share the
attachment for on-demand scenarios.

Future work will focus on refining the control algorithm and testing the system in
different scenarios. Pilot programs in real-world logistics operations will also be necessary
to evaluate the long-term durability, user acceptance, and operational savings of the system.
As cities increasingly prioritize climate neutrality and active mobility, innovations are
essential in shaping the future of urban freight transport.
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The following abbreviations are used in this manuscript:

BLDC Brushless Direct Current (Motor)
BES Battery Energy Storage
DC Direct Current

PID Proportional-Integral-Derivative (Controller)
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PEDELEC Pedal Electric Cycle

GPS Global Positioning System

USB Universal Serial Bus

UART Universal Asynchronous Receiver-Transmitter
STM32 STMicroelectronics 32-bit Microcontroller

IDE Integrated Development Environment

COM Port Communication Port

RPM Revolutions Per Minute

HSI High-Speed Internal (Oscillator)

PLL Phase-Locked Loop

SYSCLK System Clock

SWOT Strengths, Weaknesses, Opportunities, Threats
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