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Congress Themes:

1. Accident Research and Analysis 6. Heavy and Special Vehicles
2. Active and Passive Safety 7. Hybrid & Electric Vehicles
3. Advanced Engineering Methods (CAx) 8. Internal Combustion Engines
4. Advanced Materials, Manufacturing Technologies 9. Transmission Systems
and Logistics

5. Advanced Transport Systems and Road Traffic 10. Vehicle Electronics and Software

The CAR Conference/Congress is a traditional scientific event initiated by University of Pitesti in 1978. Starting with its
5% edition organized in 1992, CAR International Conference became one of the SIAR Conferences. CAR Congress
reaching its 12" edition this year, is part of the SIAR’s series of similar annual scientific events held successively by
various universities in Romania with interests in Automotive Engineering (Transilvania University of Brasov — CONAT
Congress, National University of Science and Technology “Politehnica”, Bucharest University Center — ESFA Congress,
National University of Science and Technology “Politehnica", Pitesti University Center — CAR Congress, Technical
University of Cluj-Napoca — AMMA Congress, University of Craiova — SMAT Congress, Polytechnic University of Timisoara
— MVT Congress, Moldova Technical University of Chisinau - AITS Congress).

Thus, CAR2026 is actually the 36™ edition of SIAR International Congress.

The 2026 edition of CAR International Congress is focused on MOBILITY ENGINEERING AND SUSTAINABILITY.

As other SIAR scientific events, CAR2026 will be an opportunity for delegates to:

- update skills and knowledge by attending focused technical sessions

- gain insights into the automotive industry

- network with potential new partners, clients and suppliers

- view the latest technology products and services in the commercial exhibition

Therefore, academics, researchers, engineers and other specialists in automotive engineering and road transport, students
and anyone who is interested are invited to be part of this scientific event. Let us all contribute to its success!
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INITIATIVE VERSUS EXPEGTATION
INITIATIVA VERSUS EXPECTATIVA

epanind amintiri cu un vechi coleg
si prieten cu ceva vreme in urmi, la
un moment dat am ajuns si aduc in
discutie participarea mea la prima
manifestare stiintific, impresiile puternice remanente
si developarea, peste ani, a acelor momente de neuitat.
Era in 1980, iar manifestarea stiintificd era organizati

de actuala Universitate Transilvania din Bragov, eu
fiind proaspat absolvent si inscris pentru prezentarea unei lucriri la
aceastd ,Conferintd Nationald de Automobile si Tractoare - CONAT 80”!
Incurajat fiind de conducitorul proiectului meu de diplomi — regretatul
general de brigadd prof. univ. dr. ing. Ioan FILIP (un maramuresean
adevirat!), m-am inscris cu o lucrare ce descria conceperea, elaborarea,
testarea si validarea unui soft specializat in optimizarea cutiilor de viteze
planetare cu doui grade de mobilitate cu mecanisme planetare de tip EI. Era
o sinteza a proiectului de diploma in care, printre altele, pe langi studierea,
intelegerea si aplicarea teoriei grafurilor in rezolvarea temei de proiect, am
aplicat programarea structurata — concept inovativ la acea data!
Dar, nu acesta este subiectul de pus in evidentd in acest editorial! O
conferinta nationald remarcabili deja (la acel moment), organizati de una
dintre cele trei universitati ce formau ingineri de autovehicule in Roménia,
la care un tindr inginer prezinti rezultatele muncii sale de cercetare-
inovare! Subiectul acestui editorial este legat de atmosfera existenta pe
durata lucrarilor CONAT 80! A fi un tinar absolvent in fata celor mai
cunoscuti profesori din Roménia in domeniul ingineriei autovehiculelor
la acel moment nu era doar o secventa intr-un scenariu oarecare — era,
cumva, un ,ritual de trecere”! Pisind pragul dintre pozitiile de student si
absolvent, prezenta in fata unei comisii a CONAT 80 era mai mult decit
un examen! Era ,,0 confirmare” — daci era cazul!
Aceasti lungi introducere incearci si scoati in evidenta rolul determinat
al comunititii academice din domeniul ingineriei autovehiculelor din
acea vreme din Roménia in a ,valida” munca si rezultatele tinerilor, in a le
insufla incredere, in a-i incuraja in implinirea lor profesionala!
Atitudinea colegiala, atmosfera cilduroasi, mediul cu totul special creat

pentru a incuraja tinerii in prezentarea lucrarilor lor era, de fapt, efectul

unei intelegeri — cred eu — depline a rolului de ,dascal” si ,mentor” al
profesorului in universitate! Tanar fiind si debutant pe drumul consacrarii
in profesie, ,maestrii” urmareau cu intelegere, curiozitate si discernimant,
dar si cu disponibilitatea de a sprijini parcursul unui viitor specialist —
posibil viitor cadru didactic universitar!

Asadar, expun situatia in care evaluarea si validarea competentelor
profesionale in domeniul ingineriei autovehiculelor era de fapt un proces
prin care tinerii ,aspiranti” erau prezentati ,maestrilor”, cu profilul, munca
si rezultatele lor. Incet, urmare a trecerii succesive prin sitele unor astfel
de manifestari se obtinea ,confirmarea”’ Recunoagterea profesionala
presupunea acumulare i confirmare! Succesiva prezenta in fata maestrilor
permitea ,,confirmarea”!

Conceptual, situatia actuala este total diferita intrucét accentul pare a fi
de tip ,contabilicesc”! Criteriile de evaluare si acceptanti in devenirea
profesionald sunt centrate pe inscrisuri ce probeazd ,vizibilitatea
internationala”! Tenace fiind, ascuns in fata unui monitor, acoperind
pagini dupi pagini, publicate pe meridianele lumii, trec etapa dupa
etapa, urc trepte dupa trepte — uneori fird a fi vazut la fatd de colegii de
breasla! (Nu ci tema ar fi un specific al domeniului nostru!) Firi a elimina
acest criteriu, consider cd prioritatea ar trebui schimbata. $i atunci,
ne-am putea pune intrebarea: ar fi oportund o initiativa in urma cireia
yconfirmarea” in breasl sa fie rezultatul ,expunerii” in fata ,maestrilor”!
Congresele SIAR - precum pe vremuri CONAT si nu numai - sunt cadrul
potrivit de manifestare pentru tinerii pasionati de domeniul ingineriei
autovehiculelor. Este evident ci in cadrul puternic reglementat de astazi
aceasta initiativa ar trebui sa apartind ,maestrilor” prin impunerea unui
yritual de trecere”! Ar fi posibil?

As vrea sa cred ca ,maestrii” de astazi se pot apleca asupra acestei teme
si si-ar putea asuma o asemenea responsabilitate! Sau vor riméne intr-o
deplini i comodi expectativa?

Speranta moare ultima!

Prof. univ. emerit dr. ing. Minu MITREA
Secretar General SIAR
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SMART GHARGING SCHEDULING FOR EV FLEETS USING

REINFORCEMENT LEARNING:

BALANGING GRID LOAD,

BUSINESS COST, AND GARBON FOOTPRINT

PROGRAMAREA INCARGARII INTELIGENTE

PENTRU FLOTELE DE VEHICULE ELEGTRIGE
UTILIZAND INVATAREA PRIN GONSOLIDARE:
ECHILIBRAREA INCARCARI RETELEI, A COSTURILOR
DE AFAGERI $1 A AMPRENTEI DE CARBON

ABSTRACT: This paper proposes a deep RL-based intelligent charging scheduler specifically for an EV fleet that aims to minimize operational costs, alleviate grid strain while reducing
carbon emissions all at the same time. A discrete-action DQN agent adaptively schedules the charging of individual vehicles, based on real-time signals i.e. electricity prices, grid carbon
intensity, and fleet specific operation constraints including departure time and minimum state-of-charge. Through simulation of a typical urban logistics context with real European data
from EPEX SPOT and ENTSO-E, the proposed method enables to reduce by 22% hourly electricity costs per day charging and by 15% hourly CO, emission, compared to uncontrolled
EVs charging, always respecting the 100% requirements constraint. What's more, the RL-based scheduling policy results in a smoother depot load profile than typical time-of-use schedu-
ling schemes and thereby can reduce peak demand which would otherwise require expensive grid investments. An ablation study validates the flexibility of the multi-objective reward setting,
in which fleet operators adjust their balance economic, infrastructure and environmental priorities. The decentralized architecture guarantees scalability and practical integration within
the depot infrastructure, proving the feasibility of Al-based solutions for sustainable and cost-effective fleet electrification.

REZUMAT: Aceasti lucrare propune un programator inteligent de incdrcare bazat pe RL (Reinforcement learning), special pentru o flotd de vehicule electrice, care isi propune si mini-
mizeze costurile operationale, si atenueze solicitarea retelei si, in acelasi timp, sd reducd emisiile de carbon. Un agent DQN (deep Q-network) cu actiune discretd programeazd adaptiv
incdrcarea vehiculelor individuale, pe baza lelor in timp real, adicd preturile energiei electrice, intensitatea emisiilor de carbon din refea i constrdngerile de operare specifice flotei,
inclusiv ora de plecare si starea minimd de incdrcare. Prin simularea unui context logistic urban tipic cu date europene reale de la EPEX SPOT si ENTSO-E, metoda propusd permite
reducerea cu 22% a costurilor orare ale energiei electrice pe zi de incdrcare si cu 15% a emisiilor orare de CO ,, comparativ cu incircarea necontrolatii a vehiculelor electrice, respectdnd intot-
deauna constrangerea cerinelor de 100%. Mai mult, politica de programare bazatd pe RL are ca rezultat un profil de incdrcare in depozit mai lin dect schemele tipice de programare in
functie de ora de utilizare i, prin urmare, poate reduce cererea de virf, care altfel ar necesita investitii costisitoare in retea. Un studiu de ablatie valideaz flexibilitatea setcrii recompenselor
multiobiectiv, in care operatorii de flote isi ajusteazd echilibrul prioritatilor economice, de infrastructuri si de mediu. Arhitectura descentralizatd garanteazd scalabilitatea si integrarea

practicd in cadrul infrastructurii depozitului, dovedind fezabilitatea solutiilor bazate pe inteligentd artificiald pentru electrificarea durabild si rentabild a flotei.

Keywords: Electric Vehicle Fleet, Smart Charging, Reinforcement Learning, Carbon Footprint, Grid Load Management, Operational Cost

1.INTRODUCTION
Dr. ing. 1.1 Background and Context
'=1 shah Mehmood
Wagan?
shah.mehmood04@outlook.com

The world is moving electrically,
and commercial EVs are recog-

nized as a keyway to decarbonize
urban transport. But poorly coor-

Ord.ing, dinated charging of large EV fleets

Sldra SIDRA 2 may send strain to the distribu-

1)Sichuan University, Department of Industrial tion grids, rise costs to do it, and

Engineering and Management,

No.24, South Section 1, Yihuan Road, 610065
CHENGDU, P-R. of China

2)University of Chinese Academy of Social Sciences,
Institute of Warld Economics and Politics,

No. 11 Changyu Street, Fangshan District, 102488
BEIJING, PR. of China

contribute to carbon emissions
when charged during an opera-
tion time of high contribution by
anthropogenic emissions to the
generation system [1]. To ensure
EV energy demand meets grid
capability and renewable availability, smart charging strategies are there-
fore necessary.

Conventional methods involve time-of-use (ToU) pricing response, or
schedule based, rules, which do not provide the flexibility to dynamic

grid conditions, as well as the heterogeneity of the fleet needs [2].
Methods based on optimization (e.g. mixed- integer linear programming)
are precise for calculation but have high computational complexity and
are poorly scaled when used in real-time [3].

Reinforcement learning (RL) has become a viable long-term substitute,
allowing autonomous agents to acquire optimal charging policies by
interacting with a virtual economy in which learning occurs [4]. Recent
works involved RL with single EVs only [S] or households [6], but few
used it on a commercial scale under severe working conditions (e.g,,
minimum SoC at the start, vehicle-availability windows) and considering
the three goals of economics, grid, and environment sporadically.

This gap is filled through the current paper, which hypothesizes a deep
Q-network (DQN) concept of smart charging of so-called urban delivery
EVs. The RL agent monitors actual electric prices, carbon intensity indica-
tors, and fleeting status, after which it chooses discrete charging behavior
(e.g., charge at 3 kW, 11 kW, or idle) or each vehicle. The reward function
achieves three objectives (1) reduce electricity consumption, (2) level
the grid load profile, and (3) decrease CO2 emissions.

The donations are triple in number: A multi-objective RL reward design

5
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based on business and sustainability KPIs of fleet operators. Dynamical
inclusion of actual operational constraints (departure times, minimum
SoC). European grid data based quantitative assessment of the cost grid
impact and emissions trade-offs.

The rest is laid out in the following fashion: Section 2 discusses the
system model and the formulation of the problem. The RL architecture
is described in section 3. In section 4, the results and the setup of simula-
tion are stated. Section S is about implications and there is a conclusion
in section 6.

2.SYSTEM MODEL AND PROBLEM FORMULATION

2.1 Fleet and Grid Assumptions

The considered N=20 urban delivery fleet has a medium-size and is char-
acterized by the similarity of all EVs, a 60 kWh battery, or the battery
capacity, and the maximum power of the AC charger 11 kW. Cars come to
a kit-off between 18:00 and 22:00 and must be off at 06:00 the following
day with a minimum of 90% SoC. The depot serves a low voltage 150 kW
limit distribution grid. In auto service infrastructure planning, this limit is
decisive because it means that beyond it, grid fortifications are expensive
and business operators are a primary interest group.

Electricity from the pricing is applied as a dynamic real time tariff (e.g,
advanced on EPEX SPOT market information). Carbon intensity Calcu-
lated at ENTSO-E transparency platform representing marginal hourly
generate blend. This information source makes it environmentally real-
istic, which aligns with the consideration of verifiable environmental
protection metrics.

2.2 Objective Functions

The total cost of the electricity consumed by the fleet within a 24-hour
scheduling decision-period defined by equation (1) is represented as
following: It totals the product of C, product of time-varying electricity
price, Pi charging power of a single vehicle, ¢, time step duration At. This
is one of the main business aspects of fleet operators and a direct factor in
the economic feasibility of electrification.

Jeost =ZZQ P At

t=1i=1

(1)

In equation (2), grid stress is measured in terms of the ratio of peaking
to averaged loads (PAR) of the entire depot load L. = Z .. . Having a
high PAR indicates a large variation of loads and p0551bly heavy load on
the infrastructure facilities available surrounding the area of the load like
the transformers. The reduction of this measure can prevent expensive
grid upgrades and aid stationary grid operation, which is also aligned with
the emphasis on sustainable transport infrastructure.

L
]grid = ;naX( t) (2)
T Zf 1Lt

The total carbon footprint of the charge-ability of the fleet calculated
based on equation (3) is in kilograms of CO,. It includes the integration
of the marginal carbon intensity It of the grid, and the real time required
of each vehicle. By minimizing this term, by the scheduler, is of direct aid

in objectives of environmental protection.

Jeo, =ZZ@ P At

t=1i=1

(3)

The multi-objective optimization problem is formulated in the shape of
Equation (4) as a combination where a is the weighting coefficient used to
optimize the normalized cost, f is the weighting coeflicient used to opti-
mize the grid stress, and 7 is the weighting coeflicient used to optimize
the emissions result. The shared goal purpose has enabled the reinforce-
ment learning agent to offset the conflict of interest between economic
effects, grid compatibility and environmental contribution in a coherent
decision-making system.

IEIP (a]cost + B]grid + y]COZ) Q)

The mechanics of the battery state-of-charge (SoC) to the battery of each
vehicle described in equation (S) constitute such that crowdsourced
charging schedule addresses the fact that the charging of the battery is
subject to a physical constraint of the energy storage system. It considers
charging efficiency 7, battery capacity E, and power level P,, that are
required to complete the operational and maintenance planning of a reli-
able fleet.

Py -At-m

SOCl t+1 = SOClt + )
’ ’ El

Vi, t Q)

Hard operational constraints of equation (6) are that each vehicle should
arrive with at least 90% SoC at the scheduled departure time T,,,; and
that the power of charge should be chosen off an integer scale of viable
charges (0, 3, 6, or 11 kW). These conditions refer to the actual depot
service procedure in the real world and are known to make the scheduler
partly operational within an automobile logistic setting.

SoC; >09,P,, € {03,611} kW

(6)

'Tdep i

and where #=0.92 is the charging efficiency, a real-world value of commer-
cial AC chargers installed in depot maintenance and service functions.
This model explicitly connects the parameters in automotive engineering
(battery capacity, charging power constraints, SoC requirements) to both
business and environmental goals.

3. REINFORCEMENT LEARNING FRAMEWORK

3.1. State, Action, and Reward Design

To find the solution to the problem in (4)-(6), study formulates a Markov
Decision Process (MDP). The state s, at time t consists of: Current time ¢,
Electricity price Ct and carbon intensity It. Each vehicle i: SoC,, and time
to departure T, ~t

The action at is a charging powers vector of discrete charging power
solutions [P, ,P, ,...,Py,]. In order to cope with the dimension reduction
problem, i.e., ballooning reasons of dimension, research deals on a decen-
tralized solution; the DQN chooses its action per vehicle, reducing the
joint action space from 420 to 4 per vehicle.

The reinforcement learning framework uses equation (7) to specify the
reward function. It also gives immediate feedback to an agent penal-
izing high cost, excessive grid load and carbon-intensive charging and all
is normalized. The negative sign that cardinalizing decreases the sum of
penalty is harmful to benefit since it directs the agent to execute of business,
grid, and environmental policies that are glued through joint maximization.

C.-S.P I, Y, P,
R, =—<a i it t il > )
Cmax 'PmaxN 'PmaxN

=0.50 €/kWh, I,,=600 gCO,/kWh, and L

+[>’ +y

max Imax

where C

‘max’

=150 kKW is
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normalization constants based on historical European data. The weights
a=0.5,=0.3,y=0.2 reflect a typical fleet operator’s priority: cost is most
important, followed by grid stability, then emissions.

3.2 Deep Q-Network Architecture

The Q-function was estimated to be using a fully connected neural
network with two hides (128 and 64 neurons, ReLU activation). The
input size is 2+2N=42 (time, price, carbon, and 2 features per vehicle).
The output layer delivers the Q-values of the 4 possible actions by each
vehicle.

The improvements made to DQN in training include, experience replay
with a buffer size of 10,000 steps, a target network refresh to be updated
every 100 steps and the 0.0S to 1.0 linearly decaying SO0 training
episodes e-greedy policy. Simulation is executed in Python with the help
of PyTorch which makes it reproducible by the other researchers of the
automotive engineering community.

3.3 Training Protocol and Convergence Analysis

The deep Q-network was trained during 500 episodes which reflected
one complete 24 hours evolution cycle of the EV fleet. The car arrival
and departure times were sampled stochastically at the beginning of each
episode within the operation windows (arrival: jump 18:00 to 22:00;
departure: jump 06:00 to 22:00); they modeled the stochastic variability
of logistics in the real world. Initial states of the environment were set
to a common initially random SoC of 20-50 percent vehicle population
and used standard final percentages of SoC on the accumulation by urban
delivery vehicles at the end of their routes.

The RL agent acted on this environment with an epsilon greedy policy
wherein the exploration rate epsilon linearly decreased each time the
policy made one-fourth step to a total value of 0.05 before 400 episodes.
This timetable delivered adequate exploration during the initial training
in order to locate different charging actions, and after that exploit high-
esteem to policies later in development. The experience replay buffer
held transitions of the form (st,at,rt,st+1), where the number of steps
was 10,000. After every training step, a mini-batch of 64 transitions was
uniformly sampled (length) to this buffer to train the Q-network param-
eter through the Adam optimizer (learning rate = 0.001, B, = 0.9, B, =
0.999).

The convergence was observed by testing the mean episodic reward over
a sliding window of 20 episodes. The reward as demonstrated on learning
curve (space constraint considered hence not shown) stabilized after
around 350 episodes, meaning that a policy had converged. The average
reward of the last policy was -0.42, as opposed to -0.68 of ToU baseline
and -0.85 of uncontrolled charging of reward function (7). It reflects that
the agent has managed to master negotiating the trade-offs within the
multi-objective reward framework.

To test implicit sufficient strength, study tested the trained policy on a
hold-out test set (day 0-30) on a probing set that is not part of the training
distribution. Table 1 is an evaluation of the performance metrics based
on this test set and as such the results indicate that the policy portfolios
the characteristics of new sequences of prices and carbon intensities.
In addition to that, study had a sensitivity analysis of the action space
discretization. Although a continuous action space is better, research
selected four discrete power settings (0, 3, 6, 11 kW) which are available
on typical commercial AC chargers typically installed in depot applica-
tions throughout Europe. This design selection improves the real-world
practicality of our solution in automotive service infrastructure deploy-
ment because it does not require costly and very scientifically precise

charging equipment. Lastly, the decentralized scheme, with all decisions
made locally by each vehicle based on its state, was tested on a central-
ized scheme. The centralized DQN (producing a joint action of 20 vehi-
cles) was plagued by extreme training instability and could never reach
convergence after 1,000 episodes because of the exponentially increasing
action space. Conversely, the decentralized method was convergent and
approached optimal performance and so it is appropriate if the fleet to be
managed is large. This is one of the essential engineering requirements of
automotive fleet operators who have hundreds and thousands of vehicles.
4. SIMULATION AND RESULTS

4.1 Experimental Setup

In this section, the simulation is performed in a realistic spatiotemporal
context that Germany 2024, hourly interval, both electricity prices
(EPEX SPOT) and carbon intensity (ENTSO-E). Research compares
RL scheduler with two baselines: Uncontrolled: Vehicles charge at full
power (11 kW) once they arrived. ToU-based: Cars are billed at the peaks
of power (22:00-06:00) only in off-peak periods. It is tested under 30
randomly chosen test days with four paramount metrics of daily elec-
tricity cost (€), peak depot load (kW), total CO 2 emissions (kg) and
SoC compliance rate (percent). Simulations were executed in an Intel i7
CPU with 32 GB RAM and an NVIDIA RTX 3060 GPU.

4.2 Performance Comparison

According to the results obtained, Table 1 shows that the given RL
approach outperforms. Over 30 test days, the RL scheduler achieves an
average daily cost of €110.9, a 22% reduction compared to the uncon-
trolled strategy (€142.3) and a 6.6% improvement over the ToU-based
method (€118.7).

Table 1.

Performance comparison of charging strategies (N=20 fleet)
SoC

Strategy Cost (€) Pe?;((‘IA;())ad CO, (kg) | Compliance
%)
Uncontrolled 142.3 218.5 86.4 100
ToU-based 118.7 172.0 78.2 100
Proposed 110.9 178.9 73.5 100
RL

Note: transformer limit (150 kW) is surpassed by peak load (uncontrolled
case) and it must be tackled by upgrading the grid.

Importantly, the peak load of the uncontrolled approach is much higher
(218.5 kW) than the transformer limit (150 kW), so grid upgrades are
also expensive. Although the ToU-based approach minimizes the peak to
172.0kW it also exceeds the limit. The RL approach, having the maximum
power of 178.9 kW, goes beyond the limit in this case too, but the load
profile is substantially less noisy and not as sudden, which also helps with
long-term grid planning. Critically, low CO, emission (73.5 kg) with a
reduction of 15% compared to the uncontrollable scenario is the result
of the 6th place of the 250g considered as a strategic option in the RL
approach that is willing to change given the opportunity of lowering emis-
sion levels.

Figure 1 creates a visual image of this behavior, representing a typical
24-hour load profile. The RL sched is smart when it backs off during all
the busy evening periods (18:00-22:00) and recharging does not occur
in the morning. Rather, it takes advantage of the midday range of time
intensity of renewable generation (especially solar) to reduce carbon

7
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4.3 Ablation Study

To realize the effect of the design of the reward function, study performs
ablation study by changing the weighting of a,f,y. Tunability of our

framework is verified by the results of Table 2.

Table 2.

Ablation study: effect of reward coeflicients
a(cost) | B(grid) | y(CO,) | Cost(€) | CO,(kg) | PAR
1.0 0.0 0.0 108.2 79.1 1.82
0.0 0.0 1.0 125.6 68.3 1.95
0.5 0.3 0.2 1109 73.5 1.76

It minimizes the cost (EUR108.2) when the agent is optimized in place
of minimization cost (first row) resulting in maximized emissions (79.1
kg) and lower PAR (1.82). On the other hand, focus on emotions alone
(second row) produces a minimum number of emissions (68.3 kg) but
with a significantly higher price (EUR125.6) and the poorest PAR (1.95)
since the agent is too aggressive intermittently when the carbon inten-
sity is not high, without considering the effect on the grid. Research has
in our similar weights (third row) a practical compromise wherein huge

8

11:00 13:00 15:00 17:00 19:00 21:00

Time (Hour)

09:00

Figure 2. Trade-off behavior of RL agent: charging power vs. price and carbon intensity signals

cost savings and emissions are achieved while still offering the best grid
performance (lowest PAR of 1.76). This gives fleet managers increasing
flexibility based on the scheduler to suit their business and regulatory
environment.

5. DISCUSSION

The proposed RL scheduler provides 22 percent cost savings over uncon-
trolled charging and a 1S percent reduction in CO2 emissions, with
no more important constraint having been breached the critical SoC
constraint, which is impressive, considering that the scheduler can reli-
ably be used as part of the daily transport network. Importantly, it helps
prevent extreme peak loading by avoiding transformer overloading,
which, in turn, prevents spending between EUR20k and EURSOk on grid
reinforcements [7].

The modern model does have some shortcomings though. It presumes
ideal vehicle departure time knowledge, which is probably untrue in slow-
moving logistics. Stochastic modelling of departures based on robust
or distributional RL should be included in future work. Moreover, the
model cannot consider battery degradation as a major expense to total
cost of ownership of EV fleets. The scheduler could be further integrated
by adding a variable to the reward function that takes the form of SoC
stress or charging rate. The business case is quite luring. In the case of 20
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vehicles fleet the annual electricity saving is about EUR1 2, 000 a year.
Together with the prevented costs of the grid upgrades and the possible
savings of carbon taxes, the economic advantage of such smart charging
devices is high. These advantages contribute directly to the aims and
objectives of the EU Green Deal, and thus the research is relevant to
industries and policy. Study also has an innovative state of the art in scal-
ability. Our decentralized DQN architecture is based on the dynamics of
a commercial fleet, unlike [S], that was restricted to one EV, or [8], that
covered the needs of a residential one. This is a very important step to be
implemented in the automotive service and transport industry.

5.1 Integration with Automotive Service and Maintenance
Workflows

The proposed smart charger scheduler is not just an energy management
product but a tactical part of the existing EV fleet service and maintenance
systems. Fueling in conventional internal combustion engine (ICE) fleets
is a low-coordinated very fast process. Electrification changes this into
a planned, infrastructural process which needs to be aligned with depot
operations such as vehicle cleaning, cargo loading, preventive mainte-
nance and when drivers shift their shifts. This is explicitly supported
by our RL system that considers the departure time T, 0 be a hard
constraint so that charging is done before the vehicle is re-introduced into
service. So, this integration eliminates time delays in process and enables
the just in time logistics, which is one of the critical criteria of delivering
logistics in the city.

Additionally, the scheduler can adjust the charging power (e.g. use 3 kW
rather than 11 kW) and thus can coexist with other intensive depot equip-
ment. Examples include car lifts, HVAC systems, where the scheduler can
reduce EV charging to keep below the 150-kW circuit breaker threshold
and prevent breakers tripping and voltage drop that may cause damage to
delicate circuit board components. This is a big improvement on the previ-
ously used methods of static charging schedule and meets the emphasis on
integrative automotive design solutions that involve both vehicle and infra-
structure layout. Maintenance perspective, regular high-power charging
(11 kW) is avoided which may lead to extended battery life.

Although our current model does not literally penalize high C-rates,
the RL agent tends to choose less power at the times when this cost and
carbon signal are among the most favorable to find a low power level. This
indirect stress reduction of the battery leads to a potential increase in the
life of the pack, and a reduction in the cost of ownership as a key indicator
in fleet economics. This is codified in future iterations by adding a battery
degradation model to the reward, taking the form of a punishment based
on Pjt2 or SoC variance, as proposed in [3]. Also, any datum learned
by the scheduler, including daily energy use, maximum load values are
inputted into all-fleet management reporting dashboards to accurately
acknowledge criteria and strategic planning. Indicatively, under the
impending Corporate Sustainability Reporting Directive (CSRD) within
the EU system, corporations should report Scope 2 emissions (indirect
emissions by way of the consumption of purchased electricity). To facili-
tate these disclosures, study offers auditable, granular data to make the
charging infrastructure a compliance regulatory and brands corporate
sustainability tool. Lastly, since the RL agent is designed as a module, it
can easily be integrated with currently existing telematics systems (e.g.,
Geotab, Samsara) through APIs. The scheduler can receive real-time
SoC and location data of a vehicle and issue charging commands to
smart chargers that adhere to the Open Charge Point Protocol (OCPP).
This interoperability will allow the movement to be retrofitted into

legacy depots without needing an IT or electrical infrastructure rede-
signing-reducing the barrier to adoption by part-time fleets (small and
medium-sized).

CONCLUSION

In this paper, a reinforcement learning scheme in commercial EV fleet
was introduced to jointly optimize the operational cost, grid effects,
and carbon footprint. When combined with real-time price and carbon
signals and linked to hard operational constraints, such as departure times
and minimum state of charge, the DQN agent can learn adaptive policies,
which are significantly more effective than traditional policy representa-
tives, who rely on rules and regulations. The method results in 22 percent
of community and 15 percent CO2 reduction, as seen in table 1 and
Figure 1. Table 2 ablation study also demonstrates how the framework is
easily used to meet competing objectives.

These findings validate that Al based solutions are not merely academic,
but can deliver tangible, measurable value to US fleet operators that are
going through the electrification process. This piece of work fits well
because the idea that has come through is that of engineering solution
which helps with improved environmental protection as well as cost-
effectiveness of transport services. Future applications will bring in
vehicle-to-grid (V2G) features and more advanced battery health models
extending to the other disciplines of maintenance, service, and sustain-
able automotive engineering.
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THE EVALUATION OF THE MEGHANIGAL BEHAVIOR AND
PERFORMANGE OF A NEW STEERING RACK GEOMETRY

EVALUAREA GOMPORTAMENTULUI MEGANIG
| A PERFORMANTE! UNUI NOU GONGEPT
ONSTRUGTIV AL CASETEI DE DIREGTIE

ABSTRACT: A structural analysis was conducted to enhance the mechanical performance of an aluminum steering rack subjected to vibrational and shock-type loads. The proposed
design integrates Kevlar reinforcement in the mounting areas, providing improved damping capacity and enhanced structural reliability. Finite element simulations were carried out in
ANSYS to evaluate the stress distribution and equivalent von Mises stresses under dynamic loading conditions. The vibrational response was analyzed through harmonic simulations, while
transient dynamic analyses were employed to assess impact resistance. The results demonstrate that the Kevlar bushings effectively dissipate vibrational energy and reduce localized stress
concentrations, whereas the al tains overall rigidity and strength under impact. This combined hybrid approach results in a more durable and reliable steering system,
offering significant advantages for modern automotive applications.

REZUMAT: Lucrarea prezinti o analizd structurald pentru imbundtatirea performantei mecanice a unei casete de directie standard, realizatd din aliaj de aluminiv, supusd sarcinilor
de tip vibrational si de soc. Modelul propus in urma analizei, integreazi ranforsdri din Kevlar in zonele de prindere, oferind o capacitate sporitd de amortizare a vibratiilor si o fiabilitate
structurald imbundatatita. Simuldrile prin metoda elementelor finite au fost efectuate in ANSYS pentru a evalua distributia tensiunilor mecanice in conditii de solicitare dinamica. Compor-
tarea la vibratii a fost analizatd prin simuldri armonice, in timp ce analizele dinamice tranzitorii au fost utilizate pentru evaluarea rezistentei la impact. Rezultatele demonstreazd cd noul
concept utilizand elemente din Kevlar disipd eficient energia vibratiilor si reduce distributia tensiunilor, in timp ce carcasa din aliaj de aluminiu asigurd in mod corespunzdtor rigiditatea si
rezistenta la impact. Aceastd abordare hibridd, combinatd, conduce la un sistem de directie mai fiabil, oferind avantaje semnificative pentru aplicatiile utilizate in industria de automobile.

Keywords: Steering rack, Vibrations, Shock, Aluminum alloy, Kevlar enhancement

1. INTRODUCTION In this study, a novel design solution is proposed for the aluminum
Tlignxg.an dru-Gabriel Previous studies have demonstrated  steering rack, namely, the integration of Kevlar bushings in the mounting
POPA that the durability and overall areas where the highest vibration acceleration values were identified

alexandru-gabriel popa@student tuiasi.ro

performance of steering racks are
significantly influenced by dynamic
loading, vibrations, and sudden

along the Z-axis, namely 413 [m/s*], with a vibration-induced deforma-
tion of 0.8 [mm)], an equivalent stress of 103 [MPa], while under shock
loading an equivalent stress of 287 [MPa] and a total deformation of 2

Drd. ing. . . . S
$tefgan PETROVAN mechanical shocks [1]. [mm] were recorded. This approach combines the rigidity and strength
The steering rack represents a of the aluminum housing with the high damping capacity and superior
critical component of the vehicles energy dissipation of Kevlar, thereby enhancing the durability, vibration
Prof.dr. ing. steering and control system being resistance, and reliability of the system in demanding automotive applica-
Edward RAKOSI . . . .
continuously subjected to variable tions [S].
dynamic loads during operation. Itis stated that the material properties are presented in Table 1. were used
'SI"li.ldéﬂE"- Marian Among the primary factors that in accordance with the recommended specifications.
ULIAN affect its service life are vibrations, The 3D CAD representation of the optimized steering rack assembly, in
which act cumulatively over time, accordance with the average dimensions used in mid-size passenger vehi-
‘s =% (onfdring. and sudden mechanical impacts that  cles, can be seen in Figure 1, illustrating the main geometric configuration
% . Gheorghe

"> MANOLACHE

Universitatea Tehnicd “Gheorghe Asachi” din

Iasi, Departamentul de Inginerie Mecanica

si Autovehicule Rutiere, Bulevardul Profesor
Dimitrie Mangeron 43, 700050 IASI, Romania

occur when driving on irregular road
surfaces. To ensure both operational
safety and an extended lifespan, it is
essential to optimize the structural
response of the steering rack under
such combined loading conditions.

10

analyzed in the subsequent structural and dynamic simulations.

In analytical framework, appropriate boundary conditions and load
application strategies must be defined to accurately represent the real
operating constraints of the assembly. Figure 2 defines how the support
and fixing points were selected, including their types and the direction of

force application, as follows:

Table 1.
Material properties
Mechanical Units | Aluminum Alloy Kevlar 49 -
property (AI-Si8Cu3.5) Aramid Fiber
Yield strength [MPa] 140-170 — (no Plastic
yielding)
Tensile strength | [MPa] 220-260 3600-3900
Young’s modulus | [GPa] ~71 130-135
Elorll)gation at [%] 1-3 2.4-2.8 iig;lsre 1. Optimized steering rack geometry with Kevlar-reinforced mounting
reak
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Figure 2. Boundary conditions for the simulation

The simulation involves simultaneous consideration of the effects of
masses, stiffnesses, and damping within a framework that includes time-
varying initial and boundary conditions. In contrast to static analysis,
where load vectors and reaction forces are assumed constant, the tran-
sient analysis accounts for time-varying excitation loads, as defined by the
model presented in Figure 3.
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Figure 3. Acceleration profile used for mechanical shock simulation

2. MATERIALS AND METHODS

The base component analyzed in this study is a cast aluminum steering
rack, commonly employed in modern automotive steering systems [2].
The proposed enhancement involves the integration of two Kevlar bush-
ings in the mounting areas, specifically designed to reduce stress concen-
trations and improve vibration damping performance. The simulations
were configured in compliance with the international standards estab-
lished by the IEC (International Electrotechnical Commission), essen-
tially IEC 60068 and its relevant parts, which regulate testing methods for
behaviour under variable environmental conditions.

Attention was given to the following standards:

« IEC 60068-2-6 Sinusoidal vibration

IEC 60068-2-6 applies to components and equipment that may be
exposed to harmonic vibrations - caused by rotating, pulsating, or oscil-
lating forces during transportation or maintenance operations. The
purpose of the test is to identify potential mechanical deficiencies or signs
of degradation. The standard involves exposure to sinusoidal vibrations
over a defined frequency range and duration [8].

« IEC 60068-2-64 Broadband random vibration

This standard evaluates whether specimens can withstand dynamic loads
without unacceptable degradation of their functional and/or structural
integrity when subjected to specified random vibrations [8].

« IEC 60068-2-81 Shock — Shock Response Spectrum (SRS)
synthesis

This standard specifies test methods using a synthesized Shock Response
Spectrum (SRS). Itis intended for components, equipment, and products
that may be subjected to complex transient shocks [8].

For the shock simulation, in accordance with IEC 60068, an acceleration
of 50-G was applied for a period of 6 [ms], where G represents the value
of gravitational acceleration. Numerical simulations were performed
using ANSYS Mechanical [7], focusing on two dynamic loading condi-
tions representative of real driving scenarios. The first corresponds to
vibrational loading, analyzed through a harmonic response simulation to
capture the cyclic behavior of the structure, while the second involves
shock loading, modeled using transient dynamic analysis to reproduce the
effects of sudden impact events, as illustrated in Figure 4. For both cases,
the same input values for dynamic loading were maintained.

Vibration

Analysis

X Axis
Acceleration

Y Axis
Acceleration

Z Axis
Acceleration

Deformation Deformation Deformation
Equivalent Equivalent Equivalent
stress stress stress

Shock
Analysis

Total

Equivalent

stress deformation

Figure 4. Dynamic loading conditions

To characterize the vibrational environment, acceleration profiles defined
by Power Spectral Density (PSD) functions were employed [6]. The
corresponding equivalent von Mises stresses were extracted from the
simulation results to assess potential failure risks, while mesh sensitivity
and boundary conditions were carefully controlled to ensure the accuracy
and repeatability of the results. All numerical analyses were conducted in
accordance with the ISO 16750-3 standard for automotive component
testing [9].

3. RESULTS AND DISCUSSION

3.1 Random vibration simulations

Random vibration simulations were performed along all three principal
symmetry axes (X, Y, and Z) to ensure the highest possible precision and
accuracy of the obtained results, enabling a detailed evaluation of the
structural response and performance improvements within the critical
regions of the steering rack.

The following analysis examines the results individually for each axis,
beginning with the X-axis vibration case, as illustrated in Figures S - 7.
Figure S illustrates the acceleration distribution measured along the
X-axis, with the simulation results indicating a maximum accelera-
tion of 93.561 [m/s*]. This peak value can be observed in the spherical
joint region of the steering linkage, suggesting a local concentration of
dynamic stresses and highlighting the critical role of this area in vibration

transmission.
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Figure 6. Directional deformation along the X-axis

As illustrated in Figure 6, the distribution of deformations resulting from
vibration along the X-axis shows a maximum value of 4.23 x 10™* [mm],
located in the flange region where the steering column connects to the
steering gear housing. The simulation results presented in Figure 7 indi-
cate a maximum equivalent von Mises stress of 0.19 [MPa], located at
the junction between the steering linkage and the tie-rod end. This area
exhibits a localized stress concentration, which may contribute to poten-
tial failure initiation or premature wear under repeated dynamic loading.
Continuing the analysis, the system’s behavior along the Y-axis was
investigated to assess the effects of vibration on the assembly’s dynamic
response. The acceleration profile obtained along the Y-axis, illustrated
in Figure 8, provides a comprehensive view of the system’s vibrational
behavior and indicates a maximum acceleration of 367.45 [m/s*], located
near the spherical end of the steering linkage shaft. This peak value reveals
a significant accumulation of dynamic loads in that region, which may
compromise the structural integrity and operational performance of the
steering components under sustained vibration. Similarly, the distribu-
tion of deformations resulting from the Y-axis vibration loading, shown
in Figure 9, highlights the overall structural response of the assembly. The
maximum deformation, quantified at 4.16 x 10> [mm), is concentrated
in the connection area between the steering linkage and the steering gear
rack, indicating a localized compliance zone associated with elevated
mechanical stresses. The simulation results presented in Figure 10 indi-
cate a maximum equivalent von Mises stress of 16.554 [MPa], located in
the region where the tie-rod end connects to the steering linkage. This
contact area is subjected to the highest mechanical loads, leading to a
localized stress concentration that may contribute to failure initiation or
compromise the safe operation of the steering assembly under prolonged
dynamic loading. To complete the assessment of the dynamic effects
acting on the steering assembly, the analysis was extended to evaluate the
system’s behavior along the Z-axis.

The acceleration distribution, illustrated in Figure 11, provides an overview
of the system’s vibrational behavior along this axis and reveals a maximum
acceleration of 398 [m/s?]. This peak amplitude occurs at the spherical
end of the steering linkage, indicating a region subjected to high-intensity
dynamic loads. The presence of this acceleration peak reflects a significant
concentration of inertial forces, which is critical for evaluating the structural
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Figure 9. Directional deformation along the Y-axis
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Figure 11. Directional acceleration along the Z-axis

response of the component under operational conditions.

As shown in Figure 12, the distribution of deformations resulting from
Z-axis vibration loading exhibits a maximum deformation of 4.293 x
107 [mm), located in the central region of the long section of the steering
gear housing. This area corresponds to a zone of elevated mechanical
loading, representing a potential critical point in the structural behavior
of the assembly. The simulation results presented in Figure 13 indicate a
maximum equivalent von Mises stress of 1.312 [MPa], occurring at the end
of the tie-rod. This contact region experiences the highest mechanical loads,
which could lead to localized stress accumulation and potential fatigue-
related damage, thereby affecting the safe operation of the steering system.
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3.2 Shock simulations

The equivalent von Mises stress distributions obtained from the impact
simulation, as illustrated in Figure 14, provide a detailed perspective
on the mechanical behavior of the analyzed steering assembly. Exam-
ining these results allows for an accurate assessment of how mechanical
loads are transmitted and distributed throughout the structure, revealing
regions of significant stress concentration.
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Figure 12. Directional deformation along the Z-axis
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Figure 13. Equivalent von Mises stress distribution along the Z-axis

The analysis indicates a maximum stress of 1.131 [MPa], located at the
threaded junction between the kingpin and the steering linkage, which
represents a potentially vulnerable area from a structural standpoint.
These findings are essential for identifying the critical regions of the
assembly and have a direct influence on its fatigue life, durability, and
overall performance under dynamic loading conditions.
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Figure 14. Equivalent von Mises stress distribution from the shock simulation
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Figure 15. Total deformation distribution from the shock simulation

The deformation distribution across the entire steering assembly, as illus-
trated in Figure 15, provides a detailed view of the structural response
under mechanical loading. This representation enables an in-depth evalu-
ation of how the assembly reacts to dynamic forces, emphasizing regions
where deformations are more pronounced and could influence the overall

operational performance.

The simulation results indicate a maximum deformation of 8.913 x
10 [mm)], located in the connection area where the steering linkage
is mounted onto the steering gear rack. The accumulation of deforma-
tion in this critical region may compromise the functional stability of
the assembly, potentially affecting the alignment and stiffness of inter-
connected components. Moreover, this structural behavior suggests an
increased susceptibility to stiffness degradation over time, particularly
under repeated or high-intensity loading conditions.

The previously performed simulations generated a series of graphs that
emphasize the differences resulting from the geometrical enhancement
of the steering rack with Kevlar bushings. These graphical results enable
a comparative assessment between two configurations: the standard
steering rack geometry and the Kevlar-reinforced configuration.

In total, five comparative plots are presented: three corresponding to the
random vibration analysis, namely, the maximum directional accelera-
tion, maximum directional deformation, and maximum equivalent stress
and two derived from the shock (impact) analysis, representing the equiv-
alent stress and the total deformation.

To further evaluate the impact of the proposed design modification, a compar-
ative analysis was conducted between the standard steering rack geometry
and the Kevlar-reinforced configuration. The following figures present the
most relevant results obtained from the Random Vibration simulations,
emphasizing how the integration of Kevlar bushings influences the dynamic
behavior, vibrational response, and structural stiffness of the assembly.
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Figure 16. Maximum
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acceleration and
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Random Vibration
simulations
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Figure 16.a illustrates the differences in directional acceleration observed
in the Random Vibration simulations. The results indicate that the
enhanced geometry, represented by the blue column, exhibits lower accel-
eration values across all analyzed directions compared to the standard
configuration shown in green. This reduction in acceleration suggests that
the Kevlar bushings effectively dampen dynamic excitations, contributing
to improved stability and reduced vibrational loading on the steering
assembly.

Figure 16.b presents the comparative directional deformation results
obtained from the same Random Vibration simulations. In this case, the
enhanced geometry demonstrates significantly lower deformation levels
than the standard version, particularly in regions subjected to the highest
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dynamic loads. This observation confirms the effectiveness of the Kevlar
bushings in increasing the structural stiffness of the steering gear and
limiting excessive deflections under vibrational excitation.

Figure 17. Maximum
equivalent stress from
Random Vibration

and Shock simulations.
a. Comparative
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Vibration simulations. b.
Comparative maximum
equivalent stress from
Transient-Shock
simulations

=

a

102.68
85.469

Stress [MPa]

0.168 0.19

16.554 1.3128

X Y F

Standard geometry 1 Reinforced geometry

b

=

287.29

Stress [MPa]

1131

STANDARD GEOMETRY  REINFORCED GEOMETRY

Figure 17.a presents the maximum equivalent stress values obtained from
the Random Vibration simulations. The enhanced geometry, represented
by the blue column, exhibits lower stress levels compared to the standard
configuration, shown in green. This reduction in peak stress confirms the
effectiveness of the Kevlar reinforcement in distributing mechanical loads
more uniformly across the steering assembly, thereby reducing localized
stress concentrations. These results demonstrate that

geometrical optimization can significantly improve the structural dura-
bility of the system under vibrational loading conditions.

Figure 17.b presents the maximum equivalent stress values obtained
from the Transient-Shock simulations. The Kevlar-reinforced geometry,
shown in blue, records lower peak stresses compared to the standard
configuration, represented in green. This observation indicates that the
Kevlar bushings effectively mitigate impact-induced stresses, improving
the assembly’s ability to withstand sudden dynamic loads. The results
underline the structural advantages of the enhanced design, particularly
in reducing potential failure risks and increasing overall reliability under

transient loading conditions.

2141

Deformation [mm]

0.089135
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Figure 18. Comparative total deformation from Shock simulations

Figure 18 presents the total deformation results obtained from the Tran-
sient-Shock simulations. The enhanced geometry, represented by the blue
column, exhibits lower deformation values compared to the standard
configuration, shown in green. This reduction confirms that the Kevlar
bushings improve the structural stiffness of the steering assembly, effec-
tively limiting excessive displacements under sudden dynamic loads.

Due to the superior mechanical properties of Kevlar and the placement
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of the bushings in areas identified as critical, compared with the stan-
dard aluminum alloy solution, the simulation results at the critical nodes
along the axis of maximum loading show reductions in acceleration
values of up to 12.5% and reductions in deformations by more than an
order of magnitude. This represents a particularly advantageous aspect in
terms of driving safety, as it helps prevent, on the one hand, the occur-
rence of excessive clearances and, on the other hand, the risk of steering
rack blockage due to seizure. Furthermore, this approach is considered
to improve the service life of the steering rack assembly. At the same
time, under shock loading, the equivalent stress can be reduced by up to
200 times at the nodes considered critical, and the deformations can be
reduced by up to 24 times. The results highlight the beneficial effect of the
Kevlar reinforcement in maintaining the alignment and stability of inter-
connected components, thereby contributing to the overall durability and
reliability of the steering system under shock conditions.

4. CONCLUSION

The study demonstrated that the integration of Kevlar bushings into the
mounting zones of an aluminum steering rack significantly improves its
mechanical performance under dynamic loading conditions. The finite
element simulations confirmed that the Kevlar-reinforced configuration
effectively reduces peak stresses, deformations, and directional accelera-
tions compared to the standard geometry.

These improvements result in enhanced vibration damping, increased
structural stiffness, and superior energy dissipation during both random
vibration and transient shock events. Consequently, the optimized
steering rack exhibits greater durability, reliability, and operational safety,
representing a viable solution for improving performance and extending
the service life of modern automotive steering systems.
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MODAL ANALYSIS AND OPTIMIZATION
OF TRUCK GABIN STRUCTURE

ANALIZA MODALA $I OPTIMIZAREA STRUCTURN

GABINEI DE AUTOCAMION

ABSTRACT: In this study, a modal analysis of truck cabin structure is performed to determine its main modes of vibration and critical frequencies. Modal analysis is used to characterize
the dynamic behavior of the cabin structure by identifying its natural frequencies and mode shapes. Resonance occurs when the cabin structure is exposed to dynamic excitation whose
frequency coincides with one of its natural frequencies.[S] Vibration modes are evaluated through natural frequencies or resonant frequencies as well as modal forms, which refer to the
way the cabin truck structure deforms during vibration at a certain frequency. When the resonance occurs, vibrations could appear both over the entire structure and on a specific area or
component of the cabin structure (i.e cross beam, walls, floor).[1] In this study, the truck cabin structure is modeled and analyzed in ANSYS using the finite element method to determine
its modal characteristics. Using the sensitivity analysis of the first modal frequency as a reference, the cabin structure is optimized. The paper examines the behavior of a two truck cabin
structures, a basic cabin without ribs on the wall panels and an optimized one (optimized by adding ribs to the wall panels) modeled to investigate their dynamic characteristics. The
optimization of the truck cabin structure resulted in increase in the first-order vibration frequency, which rose from 17.62 Hz to 22.52Hz also the deformations significantly decreased as
a result of this optimization.

REZUMAT: In acest studiu se realizeazd o analizi modald a structurii cabinei unui autocamion pentru a determina principalele sale moduri de vibratie si frecventele proprii. Analiza
modald este utilizatd pentru a caracteriza comportamentul dinamic al structurii cabinei prin identificarea frecventelor proprii si a formelor modale. Rezonanta apare atunci cand struc-
tura cabinei este supusd unei excitatii dinamice a cdrei frecventd coincide cu una dintre frecventele sale proprii. Modurile de vibratie sunt evaluate prin frecventele naturale sau frecventele
de rezonantd, precum si prin formele modale, care descriv modul in care structura cabinei camionului se deformeazd in timpul vibratiei la 0 anumitd frecventd. [ S ] Cand apare rezonanta,
vibratiile pot apdrea atdt asupra intregii structuri, cat si pe o anumitd zond sau un component specific al cabinei (de exemplu traversa, peretii sau podeaua)[1]. Structura cabinei camio-
nului este modelatd si analizati in ANSYS folosind metoda elementelor finite pentru a determina caracteristicile sale modale. Folosind analiza de sensibilitate a primei frecvente modale ca
referintd, structura cabinei este optimizatd. Lucrarea examineazd comportamentul a doud structuri de cabind de camion: una de bazd, fird nervuri pe panourile laterale, si una optimi-
zatd (optimizatd prin addugarea de nervuri pe panourile laterale), modelate pentru a investiga caracteristicile lor dinamice. Optimizarea structurii cabinei camionului a dus la o crestere

a primei frecvente proprii de vibratie, care a crescut de la 17,62 Hz la 22,52 Hz, iar deformatiile s-au redus semnificativ ca urmare a acestei optimizari.

Keywords: truck cabin, vibration, optimization, modal analysis.

1.INTRODUCTION
When analyzing a vehicle body in
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the cabin structure is an important
design attribute in truck design.

Modal analysis is a methodology
used to examine the dynamic
behavior of structures in response under vibration excitation. The
vibration modes help to evaluate the way the truck cabin structure
deforms during vibration at a certain frequency [1]. This provides all
the valuable information needed to strengthen the truck cabin structure
in the design stage. Truck cabin vibration and noise can cause fatigue
driving. The construction of a truck cabin is divided into several parts like
frame(the main longitudinal and transverse frame members that provide
the structural foundation for the CBIW), rear panel (the flat surface at the
rear of the cab, which can be used for cargo or attachment points), side
panels (the vertical panels that run along the sides of the cab), roof panel
(the top surface of the cab that provides structural support and weather

protection), windshield and side windows, door skins (the outer panels
of the doors that provide additional strength and protection), B-pillar and
C-pillar (the vertical pillars that connect the roof to the side panels) [2].
The purpose of this work is to analyze the behavior of a simplified truck
cabin structure and an optimized truck cabin structure by adding ribs to
the roof panel and rear panel. The optimization of the panels’ ribs can
be adopted to improve stiffness, strength, NVH (Noise, Vibration and
Harshness) and crashworthiness.

2. METHODOLOGY

2.1 CAD Model

In this study, the geometric model of a heavy-truck day cabin is devel-
oped using ANSYS software. The main components of the truck cabin
from a structural perspective are as follows: front wall, side walls, floor
and roof. The truck cabin structure is constructed using sheet metal
components, which are primarily welded together. The design of the
cabin was accomplished directly in ANSYS, utilizing welded surfaces to
create the overall geometry. Initially, the surfaces were created with thick-
ness Omm. Subsequently, each surface was assigned different thicknesses
based on its layout and the structural requirements. Most parts have a
thickness around 1 mm, and maximum thickness of less than 2.5 mm.
This approach ensured that the cabin maintained optimal strength while
minimizing weight, aligning well with the performance objectives of the
truck. Various simulations and analyses were conducted to validate the
integrity of the structure under various load conditions, contributing to
a robust final design. For proposed work, two surface models were devel-
oped using ANSYS workbench to perform the modal analyses as shown
in Figure 1.
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Figure 1 Surface Models of cabin structure a) model 1 the simplified cabin structure b) model 2 the

optimized cabin structure

Figure. 2 Finite element model a) model 1 the simplified cabin structure b) model 2 the optimized cabin

2.2 Material modeling

In the analysis of the truck cabin, the same material is assigned to all
profiles of the load-bearing structure. The material is selected from the
ANSYS library with the following mechanical properties: Young’s
modulus E =2 -107 N / m2; Tensile Yield Strength: o.= 370 MPa, which
are representative values for conventional structural steels used in vehicle
cabin manufacturing.

The assumption of a uniform material is justified by industrial practice and
the manufacturing technology of older-generation truck cabins, where
cold stamping processes are used to reduce costs and increase production
efficiency; consequently, a single steel grade is typically employed for the
load-bearing structure, while local performance is enhanced through sheet
thickness variations and reinforcement elements in critical areas.

This modeling approach is supported by manufacturer rescue documenta-
tion from the truck industry, such as Scania Rescue Cards, which show that
stiffness variations in real truck cabins are achieved through geometric rein-
forcements and thickness variations rather than different base materials;
therefore, assuming a homogeneous material allows the observed changes
in natural frequencies to be directly attributed to the introduction of stiff-
ening ribs[6]. During the optimization process, the overall mass of the
cabin was monitored to ensure consistency with real structures. The total
mass increased from 185.64 kg for the initial configuration to 187.23 kg for
the optimized configuration, representing a negligible variation. This value
remains within the range of the total mass measured on a real truck cabin,
further validating the realism of the proposed finite element model.

2.3 Finite element methods

The finite element models of both the simplified and optimized truck
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cabins are generated using automatic
meshing with quadrilateral and triangular
elements to ensure accurate geometric
representation and reliable structural
analysis. Initially, all structural components
were modeled as two-dimensional
surfaces, and subsequently individual sheet-
metal thicknesses were assigned according
to structural and functional requirements.
The thickness values were defined based

on measurements performed on a real

MAN truck cabin, ensuring a realistic
representation of the actual structural
configuration. Although different thickness
values were used for specific components,
the
maintained throughout the entire structure.

same material properties were
The discretization of both cabin models was
performed in ANSYS Workbench using
an automatic meshing procedure suitable
for thin-walled

Shell elements with mixed quadrilateral

sheet-metal structures.

and triangular topology were employed
to accurately capture both flat and curved
regions of the geometry. For both models,
the mesh sizing was controlled using the

“Use Advanced Size Function: Curvature”
option, ensuring a refined mesh in regions
with higher curvature while maintaining a
coarser mesh in relatively flat areas.

The main meshing parameters were set as follows: Minimum Element
Size = 4.80 mm, and Maximum Face Size = 24.88 mm, Curvature Normal
Angle = 30°. Automatic mesh-based defeaturing was enabled to prevent
the generation of excessively small elements caused by minor geometric
details. Inflation layers were not applied, as the present study focuses on
global modal characteristics rather than local stress evaluation. As a result
of the discretization, the FE mesh of model 1 (simplified cabin structure)
consisted of 31,534 nodes and 32,662 elements (Fig. 2a), while model 2
(optimized cabin structure with stiffening ribs) consisted of 52,505 nodes
and 54,251 elements (Fig. 2b). The increase in the number of elements in
the optimized model is associated with the added geometric complexity
introduced by the stiffening ribs.

3. MODAL ANALYSIS REQUEST AND METHOD

Modal vibration modes are appreciated by natural frequency or resonant
frequency, and by modal shape, which describes the way the body
structure deforms during vibration at a certain frequency. When the
resonance occurs, vibrations can manifest both throughout the entire
cabin structure and on a specific zone or component of the cabin structure
(for example beams, walls, floor, etc.) [3]. The most important natural
vibration modes are those that have a resonant frequency throughout
the entire structure. In this case, there are two resonant frequencies
throughout the entire structure: the resonance frequency for bending and
the resonance frequency for torsion [1].

The body is subjected to the free-free boundary conditions in ANSYS
Workbench in the modal analysis module. This condition means that the
cabin structure is free in space without any restriction or connections to
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Figure 3 Modal shapes of the initial cabin structure

ground. Regarding the results obtained for the simplified cabin structure’s
response, Figure 3 and Table 1 the values of the resonant frequencies for
the first 14 calculated natural modes.

Table 1
The results of first fourteen calculation mode
Order Frequency [Hz] Order | Frequency [Hz]
1 17,62 8 30,34
2 22,67 9 31,46
3 23,42 10 35,36
4 25,39 11 35,38
S 25,47 12 36,5
6 25,88 13 36,66
7 29,63 14 36,95

The first fourteen cabin modes were obtained from finite element modal
analysis. The results obtained are consistent with the findings from
previously manufactured cabins, thereby validating the accuracy of the
3D model and the simulation parameters employed in the analysis [4].
Natural vibration frequencies are presented in Table 1. The most impor-
tant own vibration modes are those that exhibit a resonant frequency
throughout the entire structure [3].

In this case, two resonant frequencies are found on the entire structure:
the resonant frequency under bending and the resonant frequency under
torsion. Following analysis and study of the cabin’s structure, it was deter-
mined that the value of the resonant frequency of the overall torsional of
the simplified cabin structure is 30,35 Hz at mode 7. Starting from the
simplified structure, the structure was optimized by adding some ribs
to the back walls, roof and floor. The topology optimization of the cabin
structure can be seen in the Fig.1b. A free modal analysis is performed on
the optimized cabin design, and its results are compared with those of the
simplified cabin structure, as presented in Table 2.

Table 2
Modal frequency analysis of the initial and optimized cabin models
Order | Initial Optimized | Order | Initial | Optimized

cabin cabin cabin cabin
1 17,62 22,52 30,34 40,52
2 22,67 23,5 9 31,46 41,27
3 23,42 27,39 10 35,36 41,99
4 25,39 29,25 11 35,38 42,61
S 25,47 30,38 12 36,5 44,17
6 25,88 30,57 13 36,66 45,76
7 29,63 38,86 14 36,95 46,03

The first order vibration frequency rose from 17,62Hz to 22,52 Hz after
modification, meeting the design requirement for a truck cabin structure.
Table 2 shows that the first fourteen natural vibration frequencies of the
optimized cabin structure are all higher compared to those of the simpli-
fied cabin structure, indicating an improvement in the modal stiffness
of the optimized cabin. This can be seen in mode S (Fig. 5), where the
frequency of the overall torsional appears at the value of 30Hz, but the
total deformation decreased from 13.54mm to 6.39mm. After optimiza-
tion the stiffness increased. The stiffness of a structure is a measure of its
ability to resist deformation or deflection when subjected to an external
force. A stiffer structure will exhibit a higher natural frequency than a less
stiff one. This is because stiffness is directly related to the structure’s resis-
tance to motion.

As shown in Table 3, the optimization of the truck cabin structure leads
to a significant increase in the first-order natural frequency, from 17.62 Hz
to 22.52 Hz, corresponding to an improvement of approximately 27.8%.
At the same time, the total mass of the cabin increases only slightly, by
about 0.86%, remaining within the range of the mass measured for a real
truck cabin.
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Figure 4 Modal shapes of the optimized cabin structure
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cabin cabin
Total mass[kg] 185,64 187,23 +0.86%
First-order natural 17,62 22,52 +27.8%
frequency [Hz]
Total deformation in 13,54 6,39 -52.8%
torsional mode [mm)]

These results indicate that the proposed geometric optimization, based
on the introduction of stiffening ribs, effectively enhances the dynamic
behavior of the cabin without a significant mass penalty. Consequently,
the first natural frequency is shifted away from critical excitation ranges,
reducing the risk of resonance phenomena.

4. CONCLUSION

In conclusion, the optimized cabin structure has a significant impact on
the natural frequencies of the truck cabin. The comparison shows that the
optimized cabin structure exhibits higher natural frequencies than the
initial cabin structure for all orders (modes) considered. The optimization
of the truck cabin structure resulted in a significant increase in the
first-order vibration frequency, which rose from 17.62 Hz to 22.52 Hz,
thereby fulfilling the design requirements. The optimized cabin exhibits
consistently higher natural frequencies across all orders (1-14), indicating
that the optimization process has improved the structural stiffness and
damping properties of the cabin.

Consequently, the observed differences in natural frequencies are mainly
attributed to the increase in structural stiffness induced by the introduc-
tion of stiffening ribs on the cabin panels, rather than to changes in mate-
rial properties or total mass. This approach was adopted to highlight the
importance and influence of the added ribs on the dynamic behavior of

the studied models, while keeping the basic cabin structure unchanged.
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FUEL EGONOMY AND GO, EMISSION BENEFITS OF 48 V
MILD HYBRID ARCHITEGTURES (PO-P2]

ANALIZA BENEFIGIILOR PRIVIND ECONOMIA DE
GOMBUSTIBIL S1 EMISIILE POLUANTE PENTRU
ARHITECTURILE MILD HYBRID MHEV DE 48 \ (PO-P2]

ABSTRACT: Over the past decade, the automotive industry has increasingly developed hybrid propulsion technologies to meet growing global demand for sustainable mobility. Mild
hybrid electric vehicles (MHEVs) provide a cost-effective and practical compromise between conventional ICE vehicles and fully electric vehicles. This study reviews the classification of
hybrid vehicles (MHEV, HEV, PHEV, and EREV) based on battery capacity, motor power, electric range, and functionality, emphasizing technical distinctions. Special focus is given to
48V MHEYV systems and the influence of electric motor placement (PO-P2 architectures) on hybrid functionalities and efficiency. Through simulation of a C-segment MHEV under a
WLTP driving cycle, differences in energy consumption, battery State of Charge (SOC) evolution, and CO, emissions are quantified. The findings highlight the strategic role of MHEVs in
achieving a sustainable, economically, and technically viable automotive future.

REZUMAT: De-a lungul ultimului deceniu, industria auto a dezvoltat tehnologii hibride pentru a raspunde cererii tot mai mari de mobilitate sustenabild. Vehiculele hibride electrice
usoare (MHEV) reprezintd o solutie practicd intre vehiculele conventionale cu motor cu ardere internd (ICE) si cele complet electrice. Studiul analizeazd clasificarea vehiculelor hibride
(MHEYV, HEV, PHEV si EREV)) in functie de capacitatea bateriei, puterea motorului electric, autonomia electrica si functionalitate, evidentiind distinctiile tehnice si compardnd avan-
tajele si limitdrile MHEV-urilor. Se acordd atentie speciald arhitecturilor 48V MHEV si pozitiondrii motorului electric in lantul cinematic (PO~P2) asupra eficientei si functionalititii
hibride. Prin simulare pe un MHEV din segmentul C, in cadrul ciclului WLTP, lucrarea cuantificd diferentele de consum de energie, evolutia stérii de incdrcare a bateriei (SOC) i emisiile

de CO,. Concluziile subliniaz rolul strategic al MHEV-urilor in sustinerea unui viitor auto sustenabil, economic si tehnic viabil

Keywords: hybrid vehicle, 48V mild hybrid, electric motor, fuel economy, CO, emissions
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transitional
solution conventional
vehicles and fully electric vehicles, combining extended driving range with
reduced environmental impact and mitigating the range anxiety associated
with pure electric vehicles [1][3].

Hybrid vehicles, also known as partially electric vehicles, integrate an
ICE with an electric motor (EM) in the drivetrain. They are classified
according to their level of electrification, which reflects the electric
motor’s contribution to propulsion. The main categories are Mild Hybrid
Electric Vehicle (MHEV), Hybrid Electric Vehicle (HEV), Plug-in
Hybrid Electric Vehicle (PHEV), and Extended Range Electric Vehicle
(EREYV, a subset of PHEV with extended electric range) [2][3].

Mild Hybrid Electric Vehicles (MHEVs) offer a cost-effective alternative
to more complex hybrid technologies [1][2][4]. They incorporate a
small electric motor, typically powered by a 48 V lithium-ion battery, to
assist the ICE during high-load conditions such as engine start-up and
acceleration [4][S][6]. MHEVs feature regenerative braking but cannot
propel the vehicle solely with electric power for extended distances [2][3].
This configuration improves fuel efficiency and reduces emissions while

avoiding complexity and higher costs of full or plug-in hybrids [1][5][7].
This study systematically analyzes hybrid vehicle powertrain architec-
tures, focusing on technical parameters that influence the degree of
hybridization and drivetrain efficiency. Special attention is given to the
physical integration of the electric motor within the powertrain and
its impact on regenerative braking, drivability, and compatibility with
advanced features such as all-wheel drive and torque vectoring [4][7][8].
Comparative analyses with other hybrid technologies contextualize the
advantages and limitations of MHEVs.
Through simulation and comparative testing of a C-segment MHEV
under a WLTP driving cycle, differences in energy consumption, battery
State of Charge (SOC) evolution, and CO, emissions are quantified
across PO, P1, and P2 architectures. The findings highlight the strategic
role of MHEVs in supporting a sustainable, economically feasible, and
technically robust pathway for the automotive industry’s transition
toward electrification [1][9][10][11].
2. OVERVIEW OF HYBRID VEHICLE POWERTRAIN
ARCHITECTURES
Due to the combination of the internal combustion engine and the
electric motor, hybrid vehicles exhibit a more complex architecture than
conventional vehicles, and their classification into MHEV, HEV, PHEV,
and EREV categories depends on several key factors that reflect the
degree of electrification of the propulsion system [2][3].
The fundamental technical factors used to evaluate the electrification
level and the complexity of the hybrid powertrain, as well as the vehicle’s
energy and functional performance, are:
V' battery capacity indicates the amount of electrical energy the vehicle
can store to power the electric motor. MHEVs use small batteries
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Table 1.
Battery specifications for different hybrid configurations
LTy Voltage range
Hybrid type capacity Battery chemistry fV] 8 Common chemistries Example vehicles
[kwh]
Li-ion LTO -rare, . .
MHEV 02-1.5 NiMH (older) 12-48 NMC-common Audi A6 MHEV, Ford Puma Hybrid
NMC-main
HEV 1.0-2.0 NiMH, Li-ion 100 - 300 NiMH -legacy, LFP Toyota Prius, Honda Accord Hybrid
-emerging
NMC -main
PHEV 8-20 Li-ion 300- 400 LFP-increasing Volvo XC,éO Recharge /
. BYD Qin Plus DM-i
NCA -premium
EREV 10-25 Li-ion 300- 400 NMC, NCA, LFP BMW i3 REx, Chevrolet Volt
Table 2.
Main characteristics of electric motors across different hybrid vehicle categories
. Degree of Vmax
Ls Pt EM type EM power hybridization EMtorque | . ox speed [rpm] | in EVmode Key functions
pe - (o] — [l /h]
PMSM start-stop, regenerative
MHEV BLD C, 5-20 5-15 20 - 60 3,000 - 10,000 < 50 (assist) braking, torque assist,
engine smoothing
~60 (short EV mode at Iow speeds,
HEV PMSM 30-70 20-40 100 - 250 10,000 - 15,000 EV) regenerative braking,
hybrid propulsion
PMSM, 5100 extended EV mode,
PHEV occasionally 50 -100+ 40-70 200 - 400 10,000 - 18,000 hybrid drive, plug-in
. (EV mode) . -
AC Induction charging, regen braking
~120 full EV mode, ICE acts as
EREV PMSM 50-120 100% 250 - 500+ 12,000 - 18,000 generator, extended range
(EV mode) :
after battery depletion
Table 3.
Battery specifications for different hybrid configurations
. Electric range Charging time (AC, .
Hybrid type [km] 3.7-7 kW) Example vehicles
. Audi A4 12V MHEYV, Ford Puma MHEV, Mercedes-Benz C-Class
MHEV 0 N/A (no plug-in) MHEYV, Volkswagen Golf 48V MHEV, BMW 3 Series MHEV
5 . Toyota Corolla Hybrid, Honda CR-V Hybrid, Lexus RX 500h, Ford
HEV 1-3 N/A (o plug-in) Escape Hybrid, Hyundai Tucson Hybrid
Volvo XC60 Recharge, Ford Escape PHEV, BYD Qin Plus DM-i,
PHEV 30-100 2~4hours Mitsubishi Outlander PHEV, BMW XS xDrive45e
_ BMW i3 REx, Cadillac Lyriq (EREV variant), Chevrolet Volt (recent),
EREV 100-120 36 hours Fisker Ocean (EREV planned), Karma Revero GT
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(typically under 1 kWh), sufficient only for limited functions such as
start—stop operation and acceleration assistance. HEVs and PHEVs
are equipped with medium- to large-capacity batteries that enable
pure electric driving over varying distances. EREVs also use large
batteries similar to those in PHEVs, but their internal combustion
engine operates exclusively as a generator [1][2][3]. Table 1, based
on battery specifications, provides a structured overview of the
defining attributes for the four-hybrid vehicle category

electric motor power: The motor’s power relative to the internal
combustion engine (ICE) output indicates the degree of

hybridization. MHEVs are equipped with low-power electric
motors (approximately 10-20 kW) that help but cannot propel the
vehicle independently. HEVs and PHEVs, on the other hand, feature
higher-power electric motors (ranging from 30 kW to over 100 kW),
enabling pure electric driving over short or extended distances [3]
[4][7]. Table 2 summarizes the main characteristics of the four
hybrid vehicle categories from this perspective.

pure electric range: This reflects how far the vehicle can travel using only
the electric motor, without engaging the combustion engine. MHEVs
generally do not provide a sustained pure electric driving mode, HEVs
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allow only short electric operation, while PHEVs and EREVs enable
significantly longer electric range due to higher battery capacity and
system design [2][3]. Table 3 summarizes the main characteristics of
the four hybrid vehicle categories from this point of view.

v' available functionalities: include functionalities specific to each
category, such as external charging capability (available in PHEVs
and EREVs), regenerative braking, start—stop systems, torque assist,
and extended electric-only driving modes [1][2][3][5].

From a different perspective, hybrid vehicles can be classified as

series, parallel, or series-parallel), depending on whether the internal

combustion engine and electric motor provide power to the wheels
separately, together, or through a combination of both.

Figure 1. PO-PS architectures of parallel hybrid vehicles [1][4][7].

ICE- internal combustion engine, C0, C1 - clutch, T - transmission,
PO-Belt Starter Generator (BSG); P1- Crankshaft-mounted e-machine (ISG
pre-clutch); P2 - E-machine between engine and gearbox (post-clutch); P3
-E-motor on driveshaft; P4 - E-machine on rear axle; PS - Wheel hub motors

Research shows that hybrid configurations consistently reduce fuel
consumption and CO, emissions compared to conventional ICE vehicles,
with 48 V mild hybrid systems providing a strong cost-benefit ratio for
near-term emission reduction[1][5][7].

Hybrid vehicles with a parallel drivetrain can be classified based on
the physical position of the electric motor within the powertrain
configuration. This PO-PS classification indicates the location of the
electric motor relative to the ICE, clutch, transmission, and drive axles
and is widely used in the technical literature and industry practice. Each
position directly affects the possible hybrid functionalities, such as the
ability to drive in pure electric mode, regenerative braking capabilities,
engine start/stop functionality, coasting with the ICE decoupled, electric
assist during acceleration (boost) and compatibility with all-wheel drive
(AWD) configurations, particularly when the EM is mounted on the axle
not powered by the ICE [4][7][8]. Therefore, although the EM position
does not directly determine the degree of electrification (MHEY,
HEV, PHEV, EREV)), it strongly influences which hybrid strategies and
functions can be implemented in the powertrain system [7][9][10]. In
summary, although the PO-PS classification does not strictly define the
vehicle’s hybrid category, it strongly correlates with the electric motor’s
operational role and achievable performance functions across mild and
full hybrid implementations.

3. ENERGY EFFICIENCY AND CO, EMISSIONS OF MILD
HYBRID ELECTRIC VEHICLES
The comparative analysis was conducted using a MATLAB/Simulink
simulation framework, in which the vehicle longitudinal dynamics
and the hybrid powertrain components were modeled to reproduce
the WLTP driving cycle. The study evaluates three 48 V mild-hybrid
topologies (PO, P1, and P2) under identical vehicle and environmental
conditions, while varying the electric machine placement and associated
hybrid functionalities.
A C-segment passenger vehicle with a total mass of 1500 kg was considered.
Longitudinal resistance forces were modeled using rolling resistance and
aerodynamic drag. The road-load parameters were set to: rolling resistance
coefficient f, = 0.014, aerodynamic drag coeflicient C, = 0.29, frontal area
A =22 m? air density p = 1.2 kg/m?, and ambient temperature 27°C. The
vehicle speed trajectory was imposed by the WLTP cycle, and the model
computed the corresponding traction power demand as a function of speed
and acceleration, including road-load losses.
The vehicle is equipped with a 1.5 L turbocharged spark-ignition (SI)
gasoline engine, rated at approximately 75 kW and 200 Nm peak torque.
Engine operation was represented in a map-based manner (quasi-static
steady-state approach), with an assumed peak brake thermal efficiency of
approximately 35% (used as a reference efficiency level for the operating
region relevant to WLTP). Fuel consumption was computed from the
engine operating point and the required mechanical power delivered to
the drivetrain.

« A 48 V electric machine was integrated according to each
architecture. Electric assist and regenerative braking were modeled
as power-limited functions constrained by the architecture and
control strategy. The hybrid subsystem parameters were:PO:
crankshaft-mounted 48 V machine, 10 kW / 65 Nm, providing up to
15% torque assist and up to 20% regenerative contribution.

o Pl: pre-clutch 48 V machine, 15 kW / 80 Nm, enabling increased
assist and engine-off operation at low speeds (limited electric
operation where supported) and up to 50% energy recovery.

o P2: post-clutch machine between clutch and transmission, 25 kW
/ 150 Nm, enabling low-speed electric drive capability (below 60
km/h), coasting (engine decoupling), and maximum regenerative
braking potential (up to the imposed control and power limits,
nominally considered up to 100% of the available braking energy
within constraints).

Electrical energy consumption and recuperation were tracked over the
WLTP cycle, allowing direct comparison of net battery energy use for
each topology.
A rule-based supervisory energy management strategy was implemented
to coordinate engine operation, electric assistance, and regenerative
braking under WLTP conditions. The strategy prioritizes electric torque
assistance during engine-on operation to reduce engine load peaks, while
commanding regenerative braking during deceleration phases subject to
architecture-specific limits. For the analyzed cases, an “ICE-only” mode
is not observed because electric assist is activated whenever the ICE is
operating, leading to predominant hybrid-assist operation across all
architectures.

For each hybrid configuration, the simulation reports: fuel consumption

(L/100 km), electrical energy used and regenerated (kWh), CO,

emissions (g/km), and time-resolved operating states including power

flow distribution and SOC evolution.
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Figure 2 shows that as hybrid architecture progresses from PO to P2, the
electric motor contribution to both propulsion assist and regenerative
braking increases significantly, creating greater potential for engine-off
operation and reduced ICE load, which improves overall energy efficiency

and emissions performance.

PO Arhitecture - Power ICE vs EM vs Speed

P p—y T T T
Y
Specatni)

V

¢

v
Speed [kmh]

I o
o 20 00 00 00 1000 1200 1400 1000 1800

Figure 2. Comparative power profiles of ICE and EM for
PO, P1 and P2 architectures

In the PO architecture, the internal combustion engine provides most
of the propulsion power throughout the WLTP cycle, while the electric
motor delivers limited boost during acceleration and modest regenerative
breaking, with virtually no electric-only operation.

In the P1 architecture, the electric motor plays a more important assist
role, supporting propulsion and regenerative braking and enabling
limited engine-off operation at low speeds, thereby reducing average ICE
load compared to PO.

In the P2 architecture, the electric motor contribution is the most
extensive, supporting frequent assist phases, stronger regenerative
braking, and low-speed electric drive capability, with the ICE inactive
during multiple WLTP intervals, resulting in the highest hybrid
effectiveness among the three configurations.

Poarchtecture

I o
) ) o0 0 a0 w0 a0

Figure 3. Electric motor energy consumption and regeneration profiles for
PO, P1 and P2 architectures on WLTP cycle

Asthe hybrid system evolves from PO to P2 (Figure 3), both electric energy
consumption and regenerative energy recovery increase significantly. In
all cases, consumed electrical energy exceeds regenerated energy, while the
P2 architecture shows the highest value among the analyzed configurations
due to its superior electric drive integration and regenerative capability. The
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graph analysis highlights clear differences among the three mild-hybrid
architectures. The PO configuration exhibits low and intermittent regenerative
power peaks and a slow accumulation of recovered energy, indicating limited
regenerative performance. The P1 architecture demonstrates moderate
regenerative capability, with more frequent and higher recovery peaks,
leading to increased recuperated energy. The P2 architecture shows the
strongest regenerative behavior, characterized by pronounced peaks and
sustained recovery intervals, resulting in the highest total recovered energy.
Regenerative performance therefore improves progressively from PO to P1
and reaches its maximum in P2.

The graphs in Figures 4a and 4b illustrate the WLTP-based evolution
of fuel and electrical energy consumption normalized per 100 km,
together with the instantaneous total power demand for the three hybrid
architectures. The PO configuration shows the highest power peaks and
the largest average demand, indicating stronger reliance on the internal
combustion engine. The P1 and P2 architecture exhibit progressively
lower and smoother power profiles, with P2 achieving the greatest
reduction in overall energy consumption due to its improved engine
decoupling capability and more effective utilization of the electric drive.
Opverall, the transition from PO to P2 demonstrates a clear improvement
in hybrid efficiency and power management.

PO architecture

L L I I I I o
0 200 400 600, 00, 1000 1200 1400 1600 1800
Time (5]

120

b)

Total power consumption (kW]

40 I I I I I L L
0 200 40 600 80 1000 1200 1400 1600 1800
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Figure 4. WLTP-based energy consumption and power response for PO, P1,
and P2 MHEYV architectures

a) Cumulative fuel and electrical energy consumption; b) instantaneous
ICE-EM power profiles
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PO architecture

17 Ah Li-ion battery representative of

. ‘ ‘ current-generation MHEV  systems.
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& / | ‘ | | | regenerative braking and electric assist
o 200 400 600 800 1000 1200 1400 1600 1800

while preserving cell durability. In
production calibrations, the initial SOC
is commonly set around 60%, since

the mid-range region (about 40-70%)

reduces electrochemical stress and
cyclic aging. Initializing the SOC at
60% therefore reflects realistic energy
management practice in modern MHEV
architecture. The SOC evolution shown

in Figure 6 highlights distinct behavior

Figure 5. WLTP operating modes of PO-P2 hybrid powertrains

In the PO architecture, the system operates primarily in ICE+EM assist
mode, providing frequent electric boost but not enabling pure electric
driving, with regenerative breaking occurring only during deceleration
phases. The P1 configuration shows limited engine-off or low-speed
electric operation (where supported), with more frequent transitions
between ICE and hybrid assist modes, as well as increased regenerative
events in urban driving segments. The P2 architecture achieves the most
extensive electric drive utilization and regenerative braking capability,
enabling repeated low-speed EV operation and effective ICE decoupling,
particularly under stop-and-go conditions.
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Figure 6. SOC evolution during WLTP Cycle - MHEV architectures

In the analysis shown in Figure S, the “ICE-only” operating mode
does not appear, since the implemented energy management strategy
commands electric assist whenever the internal combustion engine is
running. As a result, propulsion occurs predominantly in hybrid assist
mode, improving overall efficiency and enabling regenerative capability
across all three architectures

The C-segment MHEV vehicle considered in this analysis uses a 48 V,

across the three architectures. In the PO
configuration, SOC decreases gradually
the WLTP
moderate electric assist usage without

over cycle, indicating
sustained electric drive operation, and remains above the lower SOC
bound for most of the test duration. In the P1 architecture, SOC drops
rapidly in the early phase of the cycle due to more frequent electric
assistance and engine-off operation at low speeds, reaching the minimum
SOC threshold relatively early and remaining close to this constraint
thereafter.

The P2 architecture shows the fastest SOC depletion, consistent with
its higher electric drive utilization and stronger regenerative interaction,
causing the battery to reach the lower SOC limit shortly after the start and
remain near that bound, with only minor recovery episodes.

Under WLTP conditions, all architectures approach the lower SOC limit
(~20%) before the end of the cycle, indicating that the selected battery
capacity is sufficient for a full WLTP run but provides limited additional
electric operating margin. The modest SOC recovery observed suggests
either limited regenerative energy opportunities within the WLTP profile
or control and charging power constraints associated with the battery and
converter sizing.
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Figure 7. WLTP CO, emissions and normalized energy performance
comparison for PO, P1, and P2 MHEYV architectures
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The CO, emission results for the three hybrid architectures (PO, P1, and
P2) shown in Figure 7 were compared with recent European MHEV fleet
averages for 2024. Although official fleet statistics are not architecture-
resolved, it is widely recognized that average emissions decrease as more
advanced hybrid layouts (P1 and especially P2) gain market share.

The WLTP emission profiles in Figure 7 (left) show a clear separation
between the three configurations over the entire cycle. The PO
architecture maintains the highest CO, level throughout most of the
test, with relatively limited dynamic reduction capability, whereas P1
and P2 exhibit substantially lower and more stable emission trajectories
after the initial transient phase. The P2 curve remains consistently lowest,
confirming the stronger electric contribution and more effective engine
load reduction.

The normalized comparison in Figure 7 (right) further quantifies these
differences: CO, emissions decrease from about 88.1 g/km for PO to 62.4
g/km for P1 and 47.2 g/km for P2, corresponding to an overall reduction
of roughly 46% between PO and P2. This trend is consistent with the
simultaneous reduction in fuel consumption and the increase in electrical
energy utilization observed across the architecture.

The P2 configuration achieves emission levels well below the latest
reported fleet average (approximately 102 g/km for MHEVs in 2024),
confirming the effectiveness and competitiveness of the implemented
energy management strategy. The P1 architecture also performs
significantly below the fleet benchmark, while even the PO configuration
remains below the current market average despite its more limited hybrid
functionality.

Overall, the results demonstrate that progressive hybrid architecture
enhancement combined with optimized supervisory control yields
substantial CO, emission benefits under WLTP conditions, with P2
approaching emission levels typically associated with higher electrification
classes, despite the absence of external charging capability.

This emission trend is consistent with the normalized consumption
results shown in Figure 7, where fuel consumption decreases from PO
to P2 while electrical energy utilization increases, confirming that CO,
reduction is primarily driven by fuel displacement through electric assist
and regenerative operation.

4. CONCLUSIONS

The comparative WLTP-based simulation of three MHEV architectures
(PO, P1,and P2) highlights significant differences in energy consumption
and CO, emissions, driven by both hybrid topology and supervisory
energy management strategy. Among the analyzed configurations, the P2
architecture consistently achieved the lowest fuel consumption and CO,
emissions, reaching values below current European MHEYV fleet averages
and approaching the performance range typically associated with full
hybrid vehicles under standardized test conditions. The PO and P1 results
are consistent with earlier-generation MHEV systems and confirm the
progressive improvement in efficiency and emission reduction with
increasing electrification level and regenerative capability.

Although P2 remains a mild hybrid architecture, the combination of
higher electric motor capability and optimized control enables emission
performance that approaches that of some full hybrid systems in WLTP
operation. This indicates that, under certain driving cycles and with
effective control calibration, the performance gap between advanced
MHEV and HEV configurations can be substantially reduced, even
without large battery capacity or plug-in functionality.

24

The analyzed SOC trajectories, propulsion mode distributions, and
instantaneous power flows confirm that frequent electric assist, strong
regenerative utilization, and engine-off operation at low speeds are key
contributors to minimizing fuel consumption and CO, emissions in mild
hybrid powertrains.

Comparison with published fleet statistics for 2020-2024 supports the
plausibility and representativeness of the simulation results and suggests
that next-generation P2-oriented MHEV designs can approach the lower
bound of current hybrid fleet emission levels.

Overall, the study demonstrates that, beyond hardware architecture,
control strategy optimization plays a decisive role in achieving high
efficiency and low emissions in modern MHEVs. Mild hybrid systems
represent a cost-effective and low-complexity pathway for CO, reduction
in transitional markets. While their absolute impact remains below that of
full hybrids and battery electric vehicles, MHEVs contribute meaningfully
to fleet-wide emission compliance and serve as an effective intermediate

step toward deeper electrification.
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In prima zi, studentii participanti au prezentat proiectele tehnice in cadrul
ISAT, iar in a doua zi acestia au concurat pe circuitul de karting situat la
Magny-Cours, un circuit cu o lungime de 1100 m, intre 8 — 10 m latime,
14 viraje, dotat cu sistem profesionist de cronometrare.
Challenge Kart Low Cost s-a nascut din nevoia de a crea o competitie
centrata pe student care imbina intr-un mod optim teoria §i practica, si
care este ginditd sa reproduci in timpul studiilor universitare viata reala
a unui inginer dintr-un centru de dezvoltare autovehicule. Asadar, in
perioada octombrie — aprilie a anului academic, respectdnd constrange-
rile impuse printr-un caiet de sarcini!, studentii dezvolta un kart cu care
concureaza pe un circuit adecvat in luna mai.
Intr-un asemenea proiect, asumat voluntar de studentii romani, se mizeaza
pe dezvoltarea in echipa si in autonomie a monoposturilor asumate.
Evident, comunicarea eficientd intre membrii echipei, spiritul critic si
competenta celor implicati sunt abilitati ce se dezvolta prin intermediul
acestei competitii. Mai mult decét atat, prin intermediul acestui concurs,
studentii se vor regisi in situatia de a-si raspunde la intrebarea: ,dupd ce
am parcurs in facultate notiunile teoretice, oare ne pricepem s aplicam ceea
ce am invatat?”
Acum mai bine de 15 ani, aceste idei au fost pe masa discutiilor fondato-
rilor acestui concurs. In acea perioada, ISAT de Nevers si Departamentul
Autovehicule si Transporturi al Universitatii din Pitesti puneau bazele
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1. Toate detaliile referitoare la acest caiet de sarcini se regdsesc la hitp://siarro/siar-junior/
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acestei provociri (challenge) ingineresti. Anul acesta, concursul a ajuns la
cea de-a 14-a editie, organizatd, pentru a 7 - a oara pe parcursul anilor, de
ISAT din Nevers, Franta.
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La aceasti a 14-a editie au participat 40 de studenti: alaturi de gazde au
fost Universitatea Nationald de Stiinta §i Tehnologie POLITEHNICA
Bucuresti, Centrul Universitar Pitesti si Centrul Universitar Bucuresti,
Universitatea din Oradea §i, pentru prima data intrati in concurs, Ecole
Nationale Supérieure des Arts et Métiers (ENSAM) de Cluny, Franta.
Astfel, patru echipe de studenti au concurat la componenta ,propulsie
termici” a competitiei si cinci echipe au evoluat in componenta
ypropulsie electrica”.

Spre deosebire de alte competitii similare, aceastd provocare inginereasca
graviteazi in jurul ideii de ,Low Cost” pentru a forfa dezvoltarea unor
proiecte respectind limite financiare rezonabile care si permitd perpe-
tuarea competitiei, cu alte cuvinte, implicarea multor studenti, tocmai ca
urmare a ideii de competitie abordabild (sub 4000 €, fird TVA, pentru
kartul cu motor termic si sub 7500 €, firi TVA, pentru cel electric).

Evident, validarea produselor realizate se face concurand pe circuite spor-
tive specifice. Cu alte cuvinte, in cadrul acestei competitii se aduce in prim
plan realizarea unui produs functional caracterizat de un raport avantajos
yperformanta (calitate) /pret”

In amfiteatrul ISAT Nevers s-au prezentat 9 proiecte tehnice, studentii
punctind detalii ce tin de conceptie, proiectare, estetici sau design,
fabricare §i, nu in ultimul rand, de justificarea incadririi in bugetul
impus. Prezentirile s-au desfasurat in limba englezi in fata unui juriu
mixt, compus din profesorii coordonatori ai echipelor universitatilor
participante.

In a doua zi a concursului s-au derulat probele sportive care au constat
in calificiri, sprint, anduranta i acceleratie, unde pilotii au demonstrat
reale abilititi de conducere a karturilor, dar i de rezolvare a problemelor
tehnice ce au apérut pe parcursul probelor.
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04. Design & Measurements |

0.900 mm | (0.0039 in)

0.200 mm | {0.0078 in)

Light source

1,500,000 measurements /s

white light (99 stripes)

Positioning methods

geometry and or color and/or targets

Scanning area

390 % 390 mm | (15.4 x 15.4 in)

Stand-off distance

400 mm | [15.7 in}
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In urma deliberarii juriului s-a stabilit un clasament partial, dupa prima zi
a sustinerilor de proiecte ingineresti si unul final, dupa ce, in cea de-a doua
zi a concursului s-au cumulat punctajele obtinute in prima zi cu puncta-
jele probelor sportive. Nu trebuie sa se uite insa c, totusi, participarea in
sine, reprezinti si ea o performanta. Astfel, felicitam toti participantii i
ne dorim ca acest concurs sa aiba din ce in ce mai multi competitori. Si se
demonstreazi ci suntem pe drumul cel bun ...
Podiumul acestei editii a fost ocupat de urmatoarele echipe:
e propulsia termica:

locul I - Universitatea Nationald de Stiintd si Tehnologie , Politeh-

nica” Bucuresti, Centrul Universitar Pitesti,

locul IT — ISAT de Nevers,

locul ITI - Universitatea din Oradea.

e propulsia electrica:
locul I - Ecole Nationale Supérieure des Arts et Métiers de Cluny,
locul IT - Universitatea Nationalda de Stiintd si Tehnologie , Politeh-
nica” Bucuresti, Centrul Universitar Pitesti,
locul ITI - Universitatea din Oradea.

Responsabili KLC Roménia:

Adrian-Constantin CLENCI, prof. habil. univ. dr. ing.

Catdlin V. Zaharia, conf. univ. dr. ing.

Universitatea Nationald de Stiintd si Tehnologie Politehnica Bucuresti,

Centrul Universitar Pitesti
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