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ABSTRACT

This paper addresses the implementation of an energy recovery system in a category O2 trailer. Energy recovery
systems for transport, including regenerative braking in hybrid (HEV) and battery-electric (BEV) vehicles, are
reviewed. Two main regenerative braking strategies are presented and discussed: serial and parallel. Solutions for
braking systems in O1 and O2 trailers are discussed, focusing on the two most popular solutions: electric and over-
run. The overrun system was chosen as the basis for further work due to its simple design and popularity in trailer
applications. The next section of the paper presents the concept of an electric energy recovery system in a trailer. A
modification of the driving axle of a fully refrigerated trailer is proposed. The system utilizes an electric motor oper-
ating solely in generator mode. Concepts for controlling the electromagnetic clutch are developed based on signals
from the IVECO DAILY vehicle’s CAN bus. Traction calculations were performed for an IVECO eDaily electric
vehicle in four variants: without a trailer, with an empty trailer, with half the permissible trailer load, and with
a full trailer load. The results indicated a significant effect of the trailer weight on the traction character-
istics of the vehicle and trailer combination. A key element of the work was the development of a simula-
tion model in MatLab Simulink, which performs calculations based on the relevant relationships speci-
fied in the work. Simulation studies were conducted for four driving profiles: a standardized WLTC cycle
and three actual cycles recorded by the author. Each cycle was tested with three trailer load variants.
The highest value of recovered energy was 5.4 kWh, which would allow a 1.6 kW refrigeration unit to operate for
3.5 hours, bringing economic and environmental benefits. Based on the simulation studies and the entire workflow,
the obtained results were summarized, conclusions were drawn, and further research was proposed.

Keywords: car trailer, regenerative braking, energy recovery, CAN bus.

INTRODUCTION

In an era of increasing -electrification,
hybrid and electric vehicles are gaining
a growing presence on the roads. According to
a report by The European Automobile Manu-
facturers’ Association ACEA, in the first eight
months of 2025, the share of newly registered
fully electric cars (BEV — battery electric vehicle)
in the European Union was 15.8%, and hybrid
vehicles (HEV — hybrid electric vehicle) 43.5%
[1]. The braking system of a traditional com-
bustion engine vehicle dissipates the vehicle’s
kinetic energy during braking, converting it into
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heat. This energy conversion means irreversi-
ble loss. In electric and hybrid systems, some of
the vehicle’s kinetic energy can be recovered.
In drives using electric machines, the ability of
the electric motor to operate in reverse (gener-
ator mode) is utilized. Generator mode is used
during braking or downhill driving. The electric
machine converts the vehicle’s kinetic energy
into electrical energy and stores the recovered
energy as electricity in the batteries. BEV and
HEV braking systems are configured so that
when the accelerator pedal is released, some
energy is recovered by the electric motor, sim-
ulating engine braking. Energy recovery occurs
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up to a certain vehicle speed limit. Beyond this
limit, the electric motor’s electromotive force
is too low, requiring cooperation with a con-
ventional braking system to bring the vehicle to
a complete stop [2]. Energy can be stored in
supercapacitors, batteries, energy inertia reels,
or fed directly into the traction network [3-5].
The regenerative braking process in HEV and
BEV vehicles is managed by a controller that
uses information obtained from sensors such as
the accelerator and brake pedal angle, steering
angle, and vehicle speed. This information is
continuously interpreted by the controller and, in
the event of an emergency braking, it bypasses
the energy recovery system by fully utilizing the
friction brakes. The braking controller also dis-
tributes braking force between the front and rear
axles of the vehicle to effectively reduce speed
and maintain a stable driving path. Taking into
account information from the vehicle sensors and
the above-mentioned requirements, the controller
manages the system to recover as much energy as
possible [6]. For this purpose, the control algo-
rithm is based on two regenerative braking strate-
gies: serial and parallel [7, 8], Figure 1.

In the series braking strategy, the brak-
ing torque generated by the electric motor
is used first. The conventional braking system is
activated when the braking torque demand exceeds
the electric motor’s capability. This strategy ena-
bles significant kinetic energy recovery. The dis-
advantage of this solution is the high complexity
of the control system. Precise control of the tran-
sition between regenerative and friction braking
is necessary. An electronic control system for
both the electronic and mechanical components
of the braking system is required. In the parallel
braking strategy, the braking torque is generat-
ed simultaneously by the regenerative braking
system and the conventional braking system.
Using the parallel strategy, the vehicle is unable
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to recover as much kinetic energy as using the
series strategy. The advantage of this algorithm
is its simpler design, as there is no need for elec-
tronic control of the mechanical component
of the braking system [7, 8]. A contemporary inno-
vative application of regenerative braking is the
installation of a modified axle on a tractor-trail-
er. An example is the AxlePower system, which
is designed to power refrigerated truck semitrail-
ers — Figure 2 [9]. The AxlePower system utilizes
energy recovered during braking and then stores
it in an energy storage unit located in the semi-
trailer chassis. A fully charged battery pack allows
for two hours of autonomous operation of the
refrigerated truck. The entire system is mounted
in the trailer, making it completely independent of
the type of tractor unit. Additionally, the modified
semitrailer is equipped with an intelligent power
management system that allows for independent
switching between three operating modes, ensur-
ing the highest efficiency of recovered energy. The
system features the following operating modes:
regenerative braking, active, and active with fast
charging. Regenerative mode recovers energy
during braking of the tractor unit and semitrailer.
Active mode charges the trailer battery while driv-
ing on flat terrain when the system detects a power
shortage. Fast charging mode is designed for driv-
ing cycles with an inefficient distance-to-idle time
ratio, ensuring a fully charged battery for extended
operation at each stop [9].

Although the concept of energy recovery is
well established in HEV and BEV vehicles, its
application to light trailers has not been sufficient-
ly explored. This work adapts this concept to an
02 category trailer equipped with a mechanical
overrun braking system, including the develop-
ment of an axle-integrated energy recovery sys-
tem and a control strategy based on CAN bus sig-
nals from the towing vehicle. A simulation model
was also developed to analyze the influence of

b)
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Figure 1. Braking strategy: (a) serial, (b) parallel
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Figure 2. AxlePower system [9]

trailer mass and driving profile on the recovered
energy. Therefore, the study extends an existing
concept into a new technical domain and address-
es a research gap related to light trailers.

The concept of recovering electrical energy in
a car trailer is increasingly explored as a means of
improving energy efficiency and reducing emis-
sions in transport systems. In [40], a trailer axle
equipped with a braking energy recovery system
using a synchronous reluctance generator and a
Matlab Simulink model is presented, demonstrat-
ing the feasibility of generating electrical energy
to power auxiliary systems such as refrigeration
units. This approach aligns with regulatory and
system-level analyses described in [41], where
the VECTO Trailer methodology highlights the
growing importance of electrified trailers and
shows that integrating energy recovery systems
can significantly reduce CO: emissions.

A critical aspect of implementing such systems
is the control of regenerative braking. In [42], a
dynamic model of a tractor—semitrailer system is
used to optimize braking force distribution while
maintaining stability, particularly by addressing
jackknife risk. Similarly, [43] demonstrates that
properly designed braking force distribution strat-
egies based on ECE regulations and fuzzy control
can improve energy recovery while preserving
braking stability and extending vehicle range.

The effectiveness of energy recovery in trail-
ers is strongly influenced by operating condi-
tions, especially vehicle and trailer mass. In [44],
a method for estimating vehicle mass based on
dynamic response is proposed, which is essen-
tial for accurate modeling and control of energy
recovery systems under varying load conditions.
Furthermore, safety considerations are crucial
when integrating such systems, as shown in [45],
where delayed trailer response during emergency
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maneuvers is identified, and in [46], where appro-
priate control system parameter selection is nec-
essary to ensure stable obstacle avoidance.
Additional operational factors, such as tire
pressure and vehicle configuration analyzed in
[47], influence system dynamics and overall perfor-
mance, while advanced energy management strate-
gies such as the robust approach proposed in [48]
demonstrate how adaptive control can optimize
energy usage under varying driving conditions.
Together, these studies provide a comprehensive
foundation for the development of electrical energy
recovery systems in car trailers, supporting both
technical feasibility and practical implementation.

CARTRAILER MODEL

In this work, a category O2 trailer
was adopted as the research object, which
is characterized by the requirement to be
equipped with an overrun brake, in accor-
dance with legal regulations for vehicles with
a permissible total weight above 750 kg [10].
The calculations and the simulation model were
based on the trailer shown in Figure 3. This is a
trailer with a total load capacity of 1300 kg.

In the analysed project, it was assumed that the
trailer was equipped with a full refrigeration unit,
enabling the transport of goods within a controlled
temperature range of 3 to 10 °C. This type of
refrigeration unit utilizes refrigeration units with a
typical power output of 1 to 2 kW. Figure 4 shows
the appearance of the unit under consideration.

To implement the energy recovery system,
a three-phase 8.5 kW electric motor from the
Hyundai Sonata hybrid model [11] was selected,
along with a single-speed mechanical transmis-
sion, an electromagnetic clutch controlled by a
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Figure 3. Dimensions of the adopted car trailer

Figure 4. Refrigerated body of a car trailer

signal from the towing vehicle’s CAN bus, and
an inverter. A schematic of the system is shown
in Figure 5.

Model of electric motor with inverter was
based on real efficiency map, data required to

build efficiency map was obtained from labora-
tory testing made by Oak Ridge Laboratory [11].
The electric motor used in the project is an 8.5
kW motor from the 2011 Hyundai Sonata Hybrid.
The model of electric motor with inverter is
shown on Figure 6. Parameters of the selected
electric motor: Nominal power 8.5 kW, Instanta-
neous power 20 kW, Torque 110 Nm, Maximum
speed 15,700 rpm, Maximum efficiency 88%
[11]. The model determines the instantaneous
efficiency values using the rotational speed and
torque calculated in the transmission model. The
efficiency map is shown on Figure 7. Obtained
instantaneous efficiency value was then used to
calculated the power. The power is calculated
using the formula:

Py=T15 oy 1, (D)
where: P — engine power [kW], T — engine

torque [Nm], o, — engine rotational
speed [rpm], 57, — engine efficiency [-].

1 2 3 4

=G

\

Figure 5. Schematic diagram of a trailer’s energy recovery system: 1 — gearbox, 2 — electromagnetic clutch, 3 —
electric machine in generator mode, 4 — inverter, 5 — battery
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Figure 6. Model of electric model with inverter

In the proposed system, the electric motor
is not permanently connected to the trailer axle.
Braking torque is transferred by engaging an
electromagnetic clutch. The clutch engagement
control method adopted for the tested project
involves receiving appropriate signals from the
towing vehicle’s CAN bus. For this purpose, the
transmission from the CAN bus of an IVECO
Daily vehicle from the 2024 model year was read.
Figure 8 shows the location where the IVECO
Daily’s CAN H and CAN L wires are connected

Clutch activation is designed for several situ-
ations: releasing the accelerator pedal, pressing
the brake pedal. The detected brake pedal position

Engine Efficiency Map

Torque [Nm]

2000 4000 6000 8000 10000 12000 14000
Rotational Speed [RPM]

allows the inverter to control the load on the elec-
tric motor. To prevent abrupt clutch engagement,
which could quickly damage the clutch, the con-
trol system is equipped with a soft-start system.
Additionally, readings of engine speed (in the case
of the combustion version of the IVECO vehicle)
or the 12V battery charge status (in the case of the
IVECO eDaily) will activate the charging circuit
for the small battery powering the clutch control
system. The charging circuit can be implement-
ed using pins 10 and 11 of the 13-pin socket, in
compliance with the ISO 11446 standard defining
trailer socket wiring [12]. The PCAN-USB-FD
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Figure 7. Efficiency maps of 8.5 kW electric motor used in the project: (a) 2D contour plot, (b) 3D surface plot [11]

Figure 8. Wiring harness — CAN twisted pair: (a) Fuse socket with wiring harnesses, (b) wiring harness with
CAN twisted pair wires specified
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interface from PEAK System was used to read
data from the IVECO Daily’s CAN bus [13].

The transmission was then record-
ed. PCAN-Explorer 6 software was used
to correctly interpret the relevant addresses.
The addresses of individual signals in the Iveco
CAN bus are compliant with the international
J1939 standard [14]. It is based on the CAN
bus with 29-bit identifiers and standardizes the
way vehicle controllers communicate with each
other. Each CAN message in the J1939 stan-
dard contains a frame with a specific Parameter
Group Number (PGN), which contains several
Suspect Parameter Numbers (SPNs). PGN is an
18-bit identification number, typically written
in hexadecimal and decimal notation. It defines a
group of parameters of a given type sent in a sin-
gle message. SPN is a unique identifier describ-
ing a single parameter; one PGN includes sev-
eral SPNs [15].

TRACTION CALCULATIONS

The assumed vehicle towing the modified
trailer is an IVECO eDaily with a fully electric
drive. The vehicle’s technical parameters are pre-
sented in Table 1 [16, 17].

The rotating (or reduced) mass fac-
tor is a dimensionless parameter (always
greater than 1) that takes into account the
influence of the kinetic energy of rotating

Table 1. IVECO Daily vehicle parameters [16, 17]

Parameter Symbol Value Unit
Total gear ratio i 13 -
Frontal area A 5.45 m?
Air drag coefficient c, 0.38 -
Current weight m 2850 kg
Maximum power Pioco 188 KM
Eg\g’;v:re speed at maximum ) 3750 rpm
Maximum torque T oo 400 Nm
tEor:(g:lijnee speed at maximum ) 3750 rpm
Dynamic radius r, 0.345 m
Engine moment of inertia I 0.08 kg-m?
Wheel moment of inertia L, 1.53 kg-m?
Efficiency n 0.97 -
Rotating mass coefficient 0 1.03 -
Final gear ratio I 3.5 -
Gear ratio i, 3.6 -

vehicle components on the dynamics of motion
in calculations. It was determined according
to the relationship [18-20]:

. Ig-iZn ) kqp,
6_1+z%—%+m& Q)
ra=A(H+r) (3)

where: 4 — tire deformation coefficient equal to
0.97 [-]; H — tire height [mm]; r — tire
radius [mm].

During motion, a moving vehicle is subjected
to resistance forces that counteract its movement:
rolling resistance, air resistance, inertia resist-
ance, and trailer towing resistance. The design
ignores the influence of steering and hill resist-
ance. The effect of road gradient was intention-
ally neglected as a simplifying assumption in the
simulation model. The primary objective of the
study was to perform a comparative analysis of
the influence of trailer load and driving profile on
the amount of recovered energy under consistent
and repeatable boundary conditions. Therefore,
the model was limited to a flat-road assumption,
including the main resistance components, name-
ly rolling resistance, aecrodynamic drag, and iner-
tial resistance. Including the road gradient would
require the introduction of an additional gravita-
tional force component dependent on the actual
elevation profile of a given route, which would
significantly reduce the comparability of the ana-
lyzed cases. For this reason, the WLTC-based
simulations were treated as reference scenarios.
However, it should be noted that for routes locat-
ed in mountainous regions, such as Bielsko-Biata
— Liptovsky Mikuld$ and Ivachnova — Tarnéw,
neglecting the road gradient may affect the quan-
titative accuracy of the results. On uphill sections,
the energy recovery potential would be lower due
to increased tractive effort demand, whereas on
downhill sections it could be higher due to the
contribution of gravitational forces. Therefore,
the presented results should be interpreted as
reference values rather than exact route-specific
predictions. The inclusion of the road elevation
profile is considered a direction for future work.
The force system acting on a car trailer is shown
in Figure 9 [21, 22].

Balance of trailer forces:

YE=—F,—F,+F,—FE=0 4)

SF,=R-Q=0 5)
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Figure 9. The system of forces acting on the trailer
during braking: Q — trailer weight, Fb — inertial
resistance force, Fh — braking force, Ft — rolling

resistance force, Fp — air resistance force, R — normal
reactions [21, 22]

The torque and engine power curves for the
IVECO eDaily vehicle are shown in Figure 10a.
The graphs were developed based on [16, 17]. The
power available at the vehicle’s wheels plays an
important role when considering vehicle motion.
This power is lower than the engine’s power
due to mechanical losses. The speed-dependent
power curve for an IVECO vehicle is shown in
Figure 10b.

Wheel power:

Pe=F-n (6)

where: P, — power on the wheels [kW];, P —
engine power [kKW].

The power balance can be used to determine
the vehicle’s maximum speed. It is located at the
intersection of the wheel power curve and the drag
force curve. For the vehicle in question, the manu-
facturer limits the maximum speed to 120 km/h.

Dynamic characteristics — an indicator that
allows for easy comparison of vehicle perfor-
mance characteristics. The dynamic indicator is
calculated using the formula [19, 20]:

oo
- 5 8 E B B oS OE OE

Power (kW]

Speed [km/h]

— n—Fop
D=t (7)
where: D — dynamic indicator [-]; F — driv-
ing force [N]; F - force of resistance to
motion [N]; m_ — total weight of the set

[ke].

The driving force of the vehicle was calculat-
ed according to the relationship [28, 29]:

F, = 20 ®)

Td

where: T — engine torque [Nm].

Figure 11 shows the dynamic indicator
curves for: the vehicle itself without a trailer, an
empty trailer, a trailer with half the maximum
trailer load and a trailer with the maximum loa.
With increasing speed, the dynamic index value
decreases for each tested variant. This is relat-
ed to increasing motion resistance. The highest
dynamic index value is achieved by the vehicle
alone withoutatrailer, which is predictable due to
the lower weight of the entire combination. With
increasing trailer weight, the index decreases.
A heavier load increases both the weight and the
motion resistance values. The lowest dynamic
index value is achieved by the combination with
a fully loaded trailer; this parameter is almost
30% lower. A fully loaded trailer contributes to a
significant deterioration in the traction capabili-
ties of the entire system. In this variant, negoti-
ating slopes or overtaking is significantly more
difficult. For each variant, the graph ends at
aspeed of 120 km/h, which is related to the man-
ufacturer’s upper limit on the maximum speed.
The curves shown above show how closely the
dynamic index value is related to the weight
of the vehicle + trailer combination. Figure 12
presents the IVECO acceleration curves for all
tested variants.

Figure 13a shows the speed characteristics of
the standardized WLTC cycle [23]. The average

Power [kW]

& 8 8
Torque [Nm]

e=mRated power
= Rated torque

o
o 2000 4000 6000 8000 10000 12000 14000
rotational speed [obr/min]

Figure 10. 140 kW engine from IVECO eDaily [16, 17]: a) torque and power graph b) power balance
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Figure 11. Dynamic indicator curves for different variants
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Figure 12. Acceleration characteristics

speed for the WLTC profile is 46.5 km/h. Figure
13b shows the speed changes in the cycle record-
ed by the author on the Bielsko-Biata (Poland) —
Liptovsky Mikulas (Slovakia) section, designat-
ed BB-LM. The average speed of the cycle was
61.4 km/h.

Figure 14a shows the second real cycle on the
Tarn6w (Poland) — Warszawa (Poland) section,
designated T-W. This route is characterized by a
long motorway section (from 7000 s to 12000 s
of the cycle). Due to the high speeds, the aver-
age speed was 82.1 km/h. Figure 14b shows the
last driving profile recorded by the author on the
Ivachnova (Slovakia) — Tarnéw (Poland) section,
designated I-T. The average speed for this driving
style was 65.9 km/h.

The braking force value F, and the regen-
erative braking force value F, were determined
using the relationship [29, 34]:

Fp=—Fp +Fp — Fp 9)

FhT =Fh'a (10)

where: F, — braking force [N]; F, — regenerative
braking force [N]; a — regenerative brak-
ing coefficient [-].

The braking force using friction brakes £,
was determined from the relationship:

Fpe = Fp — Fyr (11)

Figure 15 shows the module responsible for
calculating the value of electrical energy recov-
ered during the trailer braking process.

According to the physical relationships,
the energy was calculated as the integral of the
engine power over time and has the form of time
[24-27]:

t2
Egy = ftl Psiy (t)dt (12)

where: £, —recovered energy [J]; P _(¢) — instan-
taneous power [W].
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Figure 13. Speed curve: (a) for the WLTC cycle [23], (b) for the BB-LM cycle
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Figure 14. Speed curve: (a) for the T-W cycle, (b) for the I-T cycle
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Figure 15. Block for calculating the energy recovered by the trailer system

The “protection” block contains code to pre-
vent the creation of infinite or undefined values
(e.g., division by zero). If the program detects such
avalue, itinserts a zero. The code is shown in Figure
16. After performing calculations according to for-
mula (11), it converts the value to kilowatt-hours.

Figure 17 shows the subsystem responsible
for calculating the percentage share of a given
braking type — regenerative braking or braking
using friction brakes.

The calculation method was based on the
energy approach, taking into account the force of
a given braking type as well as the vehicle speed.
The total braking force was calculated using for-
mula (8), the regenerative braking force using
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formula (9), and the braking force of friction
brakes using formula (10). The energy dissipated
by regenerative braking was determined using
formula [26-28]:

Erer = [y Fur(©) - v(2) - dt (13)

where: £ — energy dissipated by regenerative
braking [J]; F), (1) — instantaneous regen-
erative braking force [N]; v(?) — instanta-
neous trailer speed [m/s].

The energy dissipated by the friction brakes
was calculated using the relationship [26-28]:
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function y = zabezpieczenie(x)

if isnan(x) || isinf(x)
y = 0;

else
Yy = X,

end

end

Figure 16. Code from the “security” block

Eeier = [ Fre@® -v(t)-de  (14)

where: E - energy dissipated by friction brakes
[J]; F, (1) — instantaneous braking force of
friction brakes [N].

The total energy is equal to the sum of both
calculated energies. The percentage of each type
of energy is determined [37-39]:

Speed [m/s]

Total braking force.

Speed [m/s].

Speed [m/s]..
D) -
Total braking force il

v_ms

Speed [m/s]...

Trek = 1%+ 100% (15)
Ecier
Ncier = m - 100% (16)

where: 7 —regenerative braking efficiency [%];
1., — friction braking efficiency [%].

Figure 18 shows the energy efficiency calcu-
lation block. It calculates the energy efficiency of
the trailer’s energy recovery system.

The calculations are based on the relationship
[26-29]:

Esil
£=_— 100% (17)

cat

where: ¢ — energy efficiency [%].

Figure 19 shows a graph illustrating the
amount of energy recovered during regenera-
tive braking in four different driving cycles. For
each driving condition, three trailer load variants
were tested: empty, half-loaded, and fully loaded.

Regenerative braking share (%]

Friction braking share [%]

Figure 17. Block calculating the share of trailer braking types

Recovered energy

G | =

E_’ * ‘ Y
protection

)

Motor Power [K W->J Recovered energy [kWh]

J->kWh

Figure 18. Energy efficiency calculation block
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Figure 19. Amount of recovered energy by the modified car trailer

The simulation results confirm a strong relation-
ship between trailer weight and the amount of
recovered energy. For the route with the highest
recovery (Ivachnova — Tarnow), we can observe
the following percentage increase compared to
an empty trailer: the amount of recovered energy
is over 200% higher at half load, and over 600%
higher at full load. This is due to the kinetic ener-
gy relationship. [30]:

1
Ekin :E'm'vz (18)

The difference in the amount of recovered
energy results from several factors: distance trav-
elled, number of braking cycles, braking inten-
sity, different initial speeds before braking, ter-
rain, and road traffic congestion. Increasing mass
while maintaining constant speed proportionally
increases the kinetic energy of the moving vehicle.
The average energy recovery for each cycle is
presented in the Table 2.

Figures 20-23 present the energy recovery
curve for each assumed driving profile with a fully
loaded trailer. Despite the route between Bielsko-
Biata-Liptovsky Mikula§ and Tarndéw-Warsaw
being almost twice as short, the difference in
recovered energy is small, especially for the empty

Table 2. Average amount of energy recovered during
regenerative braking

Driving profile Average amount of
recovered energy [kKWh]
WLTC 0.38
BB-LM 2.13
I-T 3.06
T-W 2.54
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trailer variant and the one with half the load. This
is likely due to the characteristics of the recorded
roads. The BB-LM section includes mainly roads
in mountainous terrain and in cities, which trans-
lates into frequent braking. Another aspect nega-
tively affecting energy recovery for the Tarnow-
Warsaw section is the motorway section.

Long-term driving at a constant speed results
in few or no braking cycles. Therefore, the trailer’s
energy recovery system is either unused or used
only sparingly. Figure 24 shows a graph of the
percentage of braking used by a given type (regen-
erative braking or friction braking) in the assumed
driving cycles under three different trailer loads.

The results obtained in the graph above
show a similar relationship to that observed for
recovered energy with the moving trailer’s mass.
As the mass increases, the share of regenerative
braking in the trailer’s braking process increases.
In the standardized WLTP cycle, a 6.92 percent-
age point increase can be observed between an
empty and a fully loaded trailer. Similar relation-
ships are observed for each driving profile tested.
These values are presented in Table 3. Higher
mass increases kinetic energy at the same trailer
speed. When the system recovered more energy,
the share of regenerative braking also increased.
A significant difference in the share of the energy
recovery system is visible between the standard-
ized cycle and the actual driving profiles.

The average share of regenerative braking in
the WLTC case was 57.47%, and for the Ivach-
nova-Tarnow (I-T) route it was 72.11%. This
difference amounts to 14.64 percentage points.
The high disproportion between the standard-
ized and the actual cycle results from: the num-
ber of braking cycles, braking intensity, and the
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Figure 20. The amount of recovered energy depending on vehicle speed for the WLTC cycle
with a full trailer load
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Figure 21. The amount of recovered energy depending on the vehicle speed for the Bielsko-Biata — Liptovsky
Mikulas cycle with a fully loaded trailer
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Figure 22. Graph showing the amount of recovered energy depending on the
vehicle speed for the Ivachnova-Tarnow cycle with a fully loaded trailer
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Figure 23. The amount of recovered energy depending on vehicle speed for the Tarnow — Warsaw cycle
with a fully loaded trailer
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Figure 24. The contribution of a given braking type for all assumed driving cycles

Table 3. The effect of mass on the proportion of regenerative braking

Driving profile Percentage increase over empty trailer | Percentage increase from empty trailer
for half load to full load
WLTC 4.09 6.92
BB-LM 2.21 3.39
I-T 3 4.64
T-W 3.95 6.08

speed at which the braking process begins. Some
of the actual cycles were recorded in mountain-
ous areas, which translates into frequent speed
reductions. All driving profiles recorded by the
author reflect real road conditions, they repre-
sent driving on urban sections and expressways.
The share and efficiency of the recuperative
system increases with increasing vehicle speed
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[31-34], which results from the increasing value
of kinetic energy. Table 4 presents characteris-
tic parameters: duration, distance, and average
speed during the trips. The highest average speed
was achieved on the T-W route, at 82.1 km/h.
This section also had the longest duration and
the greatest distance traveled. The high average
speed on this section results from the significant
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Table 4. Characteristic parameter values during runs

Driving profile Duration [s] Distance [km] Average speed [km/h]
WLTC 1800 23.25 46.5
BB-LM 8824 147 61.4
I-T 11 929 239 65.9
T-W 12933 300 82.1

share of the motorway section in the cycle under
consideration. The standardized WLTC cycle
has the shortest duration among the variants test-
ed. The significant participation of the electric
machine in the braking process generates advan-
tages: reduced wear of the conventional braking
system, reduced operating costs, reduced brake
dust emissions, reduced wear of the overrun sys-
tem, and an impact on the braking dynamics of
the vehicle and trailer combination. A greater
share of recuperation reduces wear of brake pads
and discs, a phenomenon observed in hybrid and
electric vehicles [35, 36]. Using the proposed
system controlled by CAN bus signals, it leads
to a reduction in the response delay of the over-
run brake. This will have a positive impact on
the dynamics of the vehicle + trailer assembly;
the delay caused by the trailer “running over”
the vehicle’s ball coupling during braking will be
reduced by the energy recovery system initiating
braking. Earlier initiation of the trailer braking
process can also positively impact lower wear
on the overrun system. In emergency situations,
for example, when the brakes or overrun sys-
tem are worn, the energy recovery system will
assist the vehicle + trailer assembly in braking.
An excessively worn trailer braking system can
extend braking distances by up to 40% [33, 34].

W

Another benefit associated with the significant
use of the regenerative brake is the reduction
of brake dust. According to research, the use of
energy recovery in hybrid and electric vehicles
reduces brake dust emissions by 60% [35, 36].
Figure 25 presents the energy efficiency values —
relationship (16).

For each of the four driving profiles, three
series of tests were conducted with varying trailer
loads. Energy efficiency increases with increas-
ing load, but the difference between a half-loaded
trailer and a full load is insignificant. The low-
est values were achieved for an empty trailer;
this relationship also results from the change in
available kinetic energy; reducing mass causes
a decrease in energy. Average energy efficiency
values are presented in Table 5.

For each of the assumed driving conditions,
the average energy efficiency values are similar.
The highest efficiency level was achieved for the
standardized WLTC cycle, with an average value
of 72.17%, and for a full trailer load, 78.36%.
This is due to fewer braking cycles than in actual
driving cycles. The slightly lower efficiency for
the recorded cycles may also result from the
irregular number and duration of braking. The
obtained high energy efficiency results most
likely result from the assumed recuperation share

77,58
BB-LM 72
61,86
78,36
WLTC 73,28
64,87
0 10 20 30 a0 50 60 70 80

Energy efficiency [%]
mFullload mHalfload ®Empty trailer

Figure 25. The energy efficiency of the regenerative braking process for each driving profile
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Table 5. Average energy efficiency values for the
adopted driving cycles

Driving profile Averagevzr:l?;g[};/jfﬁciency
WLTC 7217
BB-LM 70.48
-T 71.08
T-W 71.93

index in the process of 50 braking cycles. These
are reflected in reality; according to available
research, similar values were achieved for mod-
ern electric and hybrid vehicles [24, 31]. High
efficiency, along with increasing trailer weight,
suggests using the trailer’s full load capacity as
often as possible before completing a journey.
At the same time, the impact of the vertical load
exerted by the trailer on the coupling device on
the towing vehicle’s steering and stability should
be taken into account [36].

CONCLUSIONS

This work addresses the concept of electric
energy recovery in a trailer. Traction calculations
were performed for an IVECO eDaily vehicle
in several variants: with an empty trailer, with a
half-loaded trailer, and with a fully loaded trailer.
Motion resistance was determined, and character-
istics were constructed: power balance, dynamic
index, and vehicle acceleration for each trailer
load condition.

The authors presented a proposal for energy
recovery during trailer braking. Generally speak-
ing, the process of energy recovery in cars is not
new; it is already commonplace. However, ener-
gy recovery in vehicles such as trailers and semi-
trailers is something new, and is only just being
explored worldwide. The authors proposed an
example of a specific solution. This is the authors’
original contribution.

Four driving profiles were selected for simu-
lation studies: one standardized WLTC cycle
and three actual cycles. Three series of simula-
tion tests were conducted, taking into account
three trailer load variants: no load, half load,
and full load. Based on the simulation results,
graphs were developed: the amount of recov-
ered energy, the percentage share of the given
braking system, and the efficiency of regen-
erative braking. The highest value of recovered
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energy was obtained for the simulation on the
Ivachnova-Tarndéw section; at full load, 5.9 kWh
of electricity was recovered. Calculations indi-
cate economic benefits. For a 1.6 kW refrig-
eration unit, the amount of recovered energy
allows for 3.5 hours of maximum power. A high
share of regenerative braking generates benefits:
reduced wear of the conventional braking sys-
tem, reduced operating costs, reduced brake dust
emissions, reduced wear of the overrun system,
and an impact on the braking dynamics of the
vehicle and trailer combination. Using CAN bus
control will cause the regenerative braking sys-
tem to react when the foot is lifted off the accel-
erator. This will improve driving dynamics, as
the trailer will begin braking immediately, rather
than when the overrun system is activated. The
electric motor in the proposed system is engaged
via the clutch only during deceleration. It is not
used for propulsion, so it does not consume
energy to move the vehicle combination.

The proposed energy recovery system is
justified: economically, environmentally, and
can improve user comfort. Traction calcula-
tions showed a significant impact of the weight
attached to the trailer’s towing vehicle on driv-
ing dynamics. Simulation studies demonstrated
a significant contribution of regenerative braking
to the braking process. The maximum amount of
recovered energy allowed for cooling the trailer
body at maximum power for 3.5 hours. Using
a trailer with a braking energy recovery system
by transport companies, particularly in the food
sector, can bring significant economic benefits,
resulting in a rapid return on investment. Less fre-
quent replacement of braking system components,
in addition to reducing costs, also contributes to
reducing waste generation. One of the advantages
of the proposed system is its wide range of appli-
cations. Caravan users can implement a similar
system, allowing them to charge the on-board
battery powering the trailer’s utility equipment
without the need for a power connection.

The implementation of regenerative brak-
ing support in an O2 category trailer is justified
both technically and economically. The simula-
tion results demonstrated a recovery potential of
up to 5.4 kWh, which can be effectively utilized
to power onboard systems such as a refrigeration
unit. The effectiveness of the system increases
with trailer mass and braking intensity, making it
particularly beneficial for urban and distribution
transport applications.
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