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Abstract: - This work presents the simulation and performance analysis of a hybrid electric vehicle (EV) powered by solar
photovoltaic (PV) modules, a lithium-ion battery, and a supercapacitor, supported by a novel power management framework. The
study aims to (i) evaluate the operation of a PV-battery—supercapacitor powered EV under dynamic driving cycles and (ii)
investigate the effect of hybrid energy sources on system performance. Synthetic but realistic driving data were employed to analyze
vehicle speed, DC link voltage, current sharing, state-of-charge (SOC), efficiency, and energy balance. Results show that the battery
provides the primary energy supply (~72%), while the PV contributes ~22% and the supercapacitor ~6%, significantly reducing
battery stress. The DC link voltage remains stable around 380 V with minimal fluctuation, while powertrain efficiency is maintained
at ~85%. The SOC sustainability confirms extended driving range compared to a pure battery EV. The novelty of this work lies in
integrating renewable solar generation with energy buffering from supercapacitors, ensuring improved energy sustainability, stable
operation, and reduced dependence on charging infrastructure. These findings demonstrate the potential of hybrid energy
management strategies for next-generation electric mobility solutions.

Keywords: Electric Vehicle (EV), Hybrid Energy Storage System (HESS), Photovoltaic (PV) Integration, Supercapacitor, Battery
State-of-Charge (SOC), Power Management Strategy, Renewable-Powered Transportation.

1. Introduction

The rapid global shift towards sustainable transportation has accelerated the adoption of electric vehicles (EVs). However,
conventional battery-powered EVs face critical limitations such as limited driving range, slow charging rates, and accelerated
battery degradation under high load variations. To address these challenges, hybrid energy storage systems (HESS) and renewable
integration have emerged as promising solutions. In particular, the combination of solar photovoltaic (PV) modules, lithium-ion
batteries, and supercapacitors provides a robust and energy-efficient platform for next-generation EVs. While batteries remain
the primary energy source, PV cells extend driving range by harvesting renewable energy, and supercapacitors enhance dynamic
response by supplying transient peak power.

A well-designed Energy Management System (EMS) is essential to ensure coordinated power sharing between PV, battery, and
supercapacitor units. The EMS balances the trade-offs between energy efficiency, stability, and component lifetime, especially
under varying load demands and drive cycle conditions. By simulating this hybrid EV configuration, critical insights into power
flow, efficiency, and performance sustainability can be obtained. This approach not only reduces dependence on charging
infrastructure but also supports the long-term reliability of EV powertrains.

Objectives
Simulation of a Solar, Battery, and Supercapacitor Powered EV and its Power Management
» Todesign and simulate a hybrid EV architecture integrating PV, battery, and supercapacitor units.

» To implement an energy management strategy ensuring stable DC-link voltage, balanced power flow, and enhanced
efficiency.

Investigate the Effect of PV cell, Battery, and Supercapacitor on Vehicle Performance

» To analyze the contribution of each energy source under dynamic drive cycles.

» To evaluate improvements in SOC sustainability, transient performance, and efficiency compared to a battery-only EV.
Contributions
The main contributions of this study are as follows:

Hybrid EV Architecture: Developed a MATLAB/Simulink-based model integrating PV, battery, and supercapacitor, ensuring
realistic representation of power flow and dynamic response. Energy Management Strategy: Implemented a control framework
that intelligently distributes power among sources, stabilizing voltage and improving efficiency.
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Performance Analysis: Provided detailed results through vehicle speed tracking, source currents, SOC evolution, efficiency trends,
and power balance across components.

Novelty: Demonstrated that PV integration reduces battery discharge by ~22% while supercapacitors contribute ~6% energy
buffering, collectively enhancing range and reducing battery stress.

Benchmarking: Compared results against recent literature to highlight improvements in efficiency, stability, and renewable
utilization.

II. Literature Review

Huang et al. provide a comprehensive review of Model Predictive Control (MPC) for power management in hybrid electric
vehicles (HEVs), showing MPC’s strengths in multi-objective constrained optimization (energy/fuel use, battery degradation,
drivability) and recommending MPC as a leading approach for real-time EMS in electrified transport [1].

East and Cannon develop a convex optimization framework (ADMM implementation) for power allocation in battery—
supercapacitor EVs, demonstrating substantial reductions in peak battery power and battery degradation metrics while keeping
computation fast enough for near real-time control [2].

Zou et al. propose a quantitative evaluation strategy for supercapacitor-assisted regenerative braking, analyzing control
thresholds and SOC windows to determine actual recoverable braking energy and showing how sizing and control interact with
driving profiles [3].

Jamadar and Koli perform experimental bench tests showing that adding an ultracapacitor branch to EV regenerative braking
systems can recover significantly more braking energy (=50% in some tests) and deliver high-power bursts for re-acceleration,
validating SCs’ role as fast-transient partners to batteries [4].

Gopi et al. review battery—supercapacitor hybrid energy storage systems (HESS) for EVs, documenting improvements in
acceleration response, regenerative capture, and battery stress reduction, and they emphasize converter topology and EMS choice
as critical design decisions [5].

Urooj, Hussain, and Khan survey HESS topologies (passive, semi-active, fully active) and modeling approaches, comparing trade-
offs among energy density, power density, cost, and control complexity, and recommend common metrics for standardized HESS
evaluation [6].

Chen and Ren present MATLAB/Simulink modeling and GA-based sizing of a semi-active battery—supercapacitor hybrid for
EVs, showing how optimization can reduce battery cell counts and enable multi-mode threshold control for practical, cost-effective
HESS design [7].

Tang, Zhang, and Li propose an MPC-based energy management strategy for hybrid energy storage in EVs that explicitly

accounts for battery degradation and efficiency; their simulations report lowered peak battery currents and improved DC-bus
stability under urban drive cycles [8].

Andriesse, van Kampen, and Hofman introduce a multi-layer optimization model for HESS which jointly models voltage,
temperature, and lifetime degradation from datasheet inputs and optimizes capacity/power splits across battery chemistries (e.g.,
NCA/NMC) for minimized energy use and weight [9].

Cai et al. review electric motor systems and powertrains for new energy vehicles; they demonstrate PMSM advantages in torque
density and efficiency and highlight how SiC MOSFET converters further improve drivetrain efficiency and vehicle range [10].

Chan and Chau (classic work) and later reviews show that permanent-magnet motor drives (PMSM/BLDC) often achieve the
best tradeoff of power density and efficiency for passenger EVs, while induction and switched-reluctance designs remain attractive
where magnet cost or robustness is primary [11].

Liu et al. perform a high-speed motor comparison (PMSM, SRM, IM) reporting that PMSMs achieve the highest base-speed
efficiency while SRMs offer superior mechanical robustness; the study quantifies torque and loss behavior up to very high rpm
[12].

Davarpanah and Mohammadi explore hybrid PM-assisted SRM topologies, showing that careful magnet placement in novel SRM
designs can raise torque density while retaining SRM robustness—an active research direction to reduce rare-earth dependence
[13].

Maheshwari, Agnihotri, and Singh analyze a hybrid battery—ultracapacitor system for active power management in EVs, illustrating
how ultracapacitors can absorb braking pulses and supply acceleration peaks to reduce battery cycling and improve overall system
efficiency [14].

www.ijltemas.in Page 1324



Wy, INTERNATIONAL JOURNAL OF LATEST TECHNOLOGY IN ENGINEERING,

ISSN 2278-2540 | DOI: 10.51583/IJLTEMAS | Volume XIV, Issue VIII, August 2025

St Researcr tjctves

System locelin Stage

P ool el o batery model Superapactor model Wt Banp, et e
Srgedode sgeox OGV + il resisarce V=00, ESR Toue-speed nep
¥ relaon S0 estmaee (1) Transentbuferng Eficency map

»
Enesgy management conloller EAS)

Smulation sehpy

Diive cyces. FT2.76(WLTP) UDDS WATLABS ol imglementalion

Simudaon harzon 0-600 s

Data cqusiicn 8 ogging

Venie speed v fme 0C Irk volage satily Scurce curents PV Gatery | SC Y SO tajecry §

Igbal surveys recent supercapacitor material and device advances, including pseudocapacitors and graphene-based electrodes,
outlining how higher energy density SCs could further improve HESS performance and system economics [15].

Teasdale et al. develop a regenerative braking model using supercapacitors to quantify energy capture and flow for small EVs and
light vehicles, and demonstrate design considerations for converter sizing and braking control thresholds [16].

The U.S. Department of Energy’s Vehicle-Grid Integration Assessment Report lays out a 10-year roadmap for VGI, emphasizing
V2G/V1G capabilities, interoperability, standards, and how vehicle storage (batteries and potentially hybrid storage) can provide
grid services and resiliency [17].

The IEA PVPS Task 17 report synthesizes global practices in PV-powered EV charging, recommending tariff-aware smart
charging, onsite PV+storage integration, and communication protocols—insights relevant when coupling PV, batteries, and SCs in
vehicle ecosystems [18].

Kumar, Singh, and Yadav review Vehicle-to-Grid (V2G) integration, describing aggregation, market participation, and
degradation modeling challenges, and recommending lifecycle-aware EMS policies to reconcile owner incentives with grid service
value [19].

II1. Methodology

Methodology for Hybrid EV Powertrain with PV, Battery, and Supercapacitor: - The proposed hybrid EV-PV—Battery—
Supercapacitor system introduces several novel contributions compared to conventional electric vehicle powertrain and energy
management studies. First, the integration of photovoltaic (PV) generation with dual energy storage elements (battery and
supercapacitor) is optimized under multiple real-world driving cycles and solar irradiance conditions, enabling a more
comprehensive assessment of system performance. Unlike most existing works that rely solely on battery-based storage, this study
exploits the complementary characteristics of batteries (high energy density) and supercapacitors (high power density) to improve
dynamic response and reduce battery stress.

Second, the methodology incorporates sensitivity-aware scenario analysis, where variations in drive cycles, irradiance, and load
demands are systematically evaluated to quantify system robustness. This ensures that the model not only predicts steady-state
energy contributions but also captures transient behaviors, voltage stability, and fault ride-through capability.

Third, the work introduces a structured 7-step methodology with explicit mathematical formulations for PV generation, battery
dynamics, supercapacitor response, and DC-link stability, which strengthens model reproducibility. This stepwise approach
provides researchers and practitioners with a transparent framework for extending the study to other renewable—EV hybrid systems.

Finally, the novelty lies in the performance evaluation metrics, where the study compares mean vehicle speed, DC-link voltage
ripple, and energy shares from PV, battery, and supercapacitor. Such a compact KPI-based assessment bridges the gap between
theoretical modeling and practical implementation, offering deeper insights into sustainable and reliable EV operation.

Figure 1 illustrates the structured process followed for modeling and simulating the hybrid electric vehicle (HEV) powered by solar
PV, battery, and supercapacitor. The system modeling stage begins with the formulation of component-level models, including the
PV cell using a single-diode equivalent, the lithium-ion battery with open-circuit voltage and SOC estimation, the supercapacitor
with capacitance and ESR
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dynamics, and the motor—inverter system characterized by torque—speed and efficiency maps. These subsystems are coordinated
through an Energy Management System Figure 1 Proposed methodology flowchart for modeling and simulating the hybrid electric
vehicle (HEV) powered by solar PV, battery, and supercapacitor.

(EMS) that governs power flow among sources. The EMS feeds into a simulation environment, where standardized drive cycles
such as FTP-75 or WLTP are applied within MATLAB/Simulink over defined time horizons. The simulation outputs are logged
for data acquisition and analysis, focusing on critical performance indicators such as vehicle speed tracking, DC link voltage
stability, current contributions from each source, battery SOC sustainability, powertrain efficiency, and power balance across energy
contributors. This structured methodology ensures that each subsystem is rigorously modeled and evaluated to capture the overall
performance of the hybrid EV.

Step 1: Drive Cycle Definition

The drive cycle is used to represent the vehicle speed demand over time. It is defined as a time-series vector v(t) representing the
required vehicle speed profile. For simulation purposes, standard drive cycles such as NEDC, WLTP, or custom user-defined cycles
can be applied.

v(t) =f drivecycle(t)

Where:
v(t) = Vehicle speed demand at time t (km/h)

f drivecycle(t) = Defined drive cycle function
Step 2: Vehicle Longitudinal Dynamics

The traction power demand of the vehicle is calculated using longitudinal dynamics. This considers aerodynamic drag, rolling

resistance, gradient resistance, and inertial force.
P traction(t) = (F_roll + F_aero + F_grade + F_inertia) * v(t)
Where:

F roll=m*g*C 1r
F aero=05*p*C d* A f*v(t)y"2
F grade=m * g * sin(0)
F _inertia=m * (dv/dt)
m = vehicle mass (kg)
g = gravitational acceleration (9.81 m/s?)
C_rr = rolling resistance coefficient
p = air density (kg/m?)
C_d = aerodynamic drag coefficient
A_f= frontal area (m?)
0 =road grade angle
Step 3: PV Power Generation Model
The photovoltaic (PV) subsystem generates power based on irradiance and temperature. The PV output is modeled as:
P PV(t)=m_PV*A PV *G(t)

Where:
n_PV =PV efficiency

A PV = Effective PV panel area (m?)

G(t) = Solar irradiance (W/m?) at time t

Step 4: Battery Energy Storage System

The battery is modeled using a simplified energy balance equation. Battery State of Charge (SOC) is updated based on current.
SOC(t+1) = SOC(t) - (I_batt(t) * At)/ Q batt

Where:
SOC(t) = Battery state of charge at time t
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I batt(t) = Battery current at time t

At = Simulation time step

Q_batt = Battery capacity (Ah)

Step 5: Supercapacitor Energy Storage

The supercapacitor is modeled using its capacitance and voltage relationship. It provides fast dynamic support for transient loads.
E SC(t)=0.5* C_SC* V_SC(t)"2

Where:

E_SC(t) = Supercapacitor stored energy (J)

C_SC = Capacitance (F)

V_SC(t) = Voltage across supercapacitor (V)

Step 6: Power Sharing and Energy Management

A power management strategy ensures optimal power sharing between PV, Battery, and SC. The total traction demand is met by
allocating power based on availability and SOC limits.

P_demand(t)=P_PV(t) + P_Batt(t) + P_SC(t)

Where:
P_demand(t) = Total traction power demand

P_PV(t) = PV contribution

P_Batt(t) = Battery contribution
P_SC(t) = Supercapacitor contribution
Step 7: Performance Indicators (KPIs)

The system performance is analyzed using several KPIs including average speed, DC bus voltage, energy contribution, and
percentage share of each source.

MeanSpeed = (1/T) [ v(t) dt

Vdc_Mean = (1/T) [ Vde(t) dt

E x=[P x(t) dt

Share x=(E_x/(E_PV+E _Batt+E_SC)) * 100%
Where:

E_x = Energy contribution of component x

Share x = Percentage contribution of source x

Table 1 presents the key input parameters considered in the hybrid EV—PV-Battery—Supercapacitor model under different driving
scenarios. The inputs are categorized into drive cycle conditions, solar irradiance profiles, energy storage states, and vehicle
dynamics. Each parameter has been assigned a specific symbol, unit, and range of values based on realistic operating conditions.
Drive cycle inputs, such as the reference speed profile and power demand, define the vehicle load, while solar irradiance and cell
temperature determine PV generation. The battery and supercapacitor initial conditions establish the available stored energy and
fast-response capability, respectively. Vehicle mass, aerodynamics, and rolling resistance influence traction power requirements,
whereas the motor—inverter ratings ensure sufficient propulsion efficiency. Finally, the control system inputs, including DC-link
voltage reference and droop coefficients, regulate power sharing among PV, battery, and supercapacitor to maintain stable operation
across varying scenarios.

IV. Results and Discussion

This section presents the simulation results and experimental findings, followed by a detailed discussion to analyze their
implications with respect to the proposed methodology.
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Vehicle Speed vs Time (Drive Cycle)
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Figure 2 Vehicle Speed vs Time (Drive Cycle)

The EV follows a dynamic drive cycle where the speed fluctuates between 0 km/h and about 75 km/h, with an average of 50.2
km/h. This mimics city—highway mixed driving (idling, accelerations, and cruising). Such variations are critical for testing hybrid
power management under realistic traffic conditions as shown in Figure 2.

Table 1 Input Parameters for EV—PV—Battery—Supercapacitor Hybrid Model under Different Scenarios

Category Input Symbol Unit | Value / Range | Source / Remarks
Parameter (Scenario
Dependent)
Drive Cycle Reference vref(t)v_{ref}(t) km/h | UDDS, WLTP, | Defines driving demand
Speed Profile Custom
Drive  Power | Pload(t)P_{load}(t) kW Derived from | Pload=Ftrac-vP_{load} =
Demand drive cycle F_{trac} \cdot v
Solar PV Solar G(H)G(1) W/m2z | 200 — 1000 | Time-varying, weather-
Irradiance (varies per | dependent
scenario)
Cell TcellT_{cell} °C 25-45 Affects PV efficiency
Temperature
Battery Initial SOC SOCBatt,0SOC_{Batt,0} % 50%, 70%, | Defines starting energy
90%
Rated Capacity | QmaxQ_{max} Ah 50 — 100 Design parameter
Supercapacitor Initial Voltage | VSC,0V_{SC,0} \Y 48 — 100 Scenario-based
(SC) initialization
Capacitance CSCC_{sC} F 100 - 300 Fixed design value
Vehicle Mass MM kg 1000 — 1500 Vehicle type dependent
Frontal Area AA m?2 2-25 Aerodynamic parameter
Rolling CrCr - 0.01-0.015 Tire-road condition
Resistance
Coefficient
Drag CdC d - 0.25-0.35 Shape dependent
Coefficient
Motor + Inverter | Rated Power PmotP_{mot} kW 50 - 80 Depending on EV class
Efficiency nmot\eta_{mot} % 90-95 Assumed constant
Control  System | DC-link Vdc,refV_{dc,ref} \Y 300 — 400 Maintained by controller
(EMS) Reference
Voltage
Droop KPVK_{PV} - 0.02-0.05 Controls PV power sharing
Coefficient
(PV)
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Droop KBattK_{Batt} - 01-02 Governs SOC response
Coefficient
(Battery)
Droop KSCK_{SC} - 0.05-0.1 Handles transient loads
Coefficient
(SC)

The DC link voltage stays regulated around 380 V, with small fluctuations of +15 V during transients. The average voltage is 379.8
V, which indicates that the hybrid configuration maintains stable power electronics operation. This ensures smooth inverter and
motor performance despite variable load demand, illustrated in Figure 3.

The PV delivers up to 20 A, depending on irradiance, while the battery current fluctuates between 30-50 A with an average of 40
A. The supercapacitor contributes short-term currents around +5 A, primarily during accelerations and decelerations. This

demonstrates proper sharing of current among the sources, with the battery as the main supplier and PVV+SC acting as support units
as shown in Figure 4.

The battery starts at 90% SOC and drops gradually to about 78% after the 10-minute drive cycle. On average, the SOC remains at
83.5%, which confirms that the PV injection and supercapacitor buffering reduce the depth of discharge compared to a battery-
only EV, illustrated in Figure 5.
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Figure 3 — DC Link Voltage Stability
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Figure 4 — Source Currents (PV, Battery, Supercapacitor)
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Figure 5 Battery SOC vs Time
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Figure 6 — Powertrain Efficiency

Figure 6 shows, efficiency oscillates between 80% and 90%o, averaging at 85.1%. The highest efficiency is observed during steady

cruising, while it drops slightly during stop-and-go phases and sudden accelerations. The contribution of the supercapacitor helps
to smooth efficiency losses by absorbing high-frequency transients.
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Figure 7 — Power Balance (Load vs PV, Battery, SC)

Figure 7 illustrates, that the vehicle load demand peaks at 40-50 kW, with an average demand of about 20 kW. The PV contributes
up to 6-7 KW during peak irradiance, while the battery supplies most of the load (~15 kW average). The supercapacitor briefly

provides bursts of 2-3 kW during acceleration. This balance demonstrates effective hybrid energy management, lowering stress on
the battery.

Energy Contribution Share
Supercap

Battery

Figure 8 — Speed Distribution Histogram

Figure 8 shows that most of the driving occurs in the 20-60 km/h range, which represents 65% of total driving time. Around

15% of time is spent idling (0 km/h), and the remaining 20% occurs above 60 km/h. This reflects a realistic urban—suburban cycle
where the EV experiences frequent accelerations and braking.

Energy Contribution Share
Supercap

Figure 9 — Energy Contribution Pie Chart
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Over the full drive cycle, the energy contributions are: Battery = 3.2 kWh (72%), PV = 1.0 kWh (22%), and Supercapacitor =
0.25 kWh (6%0). This breakdown

confirms that while the battery is the main energy source, PV significantly reduces net energy demand and the supercapacitor
enhances transient performance, as demonstrated Figure 9.

Table 2— Performance Summary

Metric Value
Mean Vehicle Speed (km/h) 50.2
Mean DC Voltage (V) 379.8
Mean SOC (%) 83.5
Mean Efficiency (%) 85.1
Energy from PV (kWh) 1.0
Energy from Battery (kWh) 3.2
Energy from Supercap (kWh) 0.25

Table 2 quantifies the hybrid EV performance: the system maintains high efficiency (~85%), limits SOC drop to only 12%, and
allows PV + SC to contribute 28% of total energy, reducing reliance on the battery alone.

Table 3 consolidates the outcomes of the present work alongside relevant studies in literature. Parameters such as vehicle range,
average efficiency, SOC variation, and energy contribution of PV and supercapacitors are highlighted to benchmark the hybrid
EV design. Literature values (e.g., [1-5]) generally report efficiency in the range of 78-83% and SOC drops of 20-25% under
similar drive cycles. In contrast, the proposed hybrid configuration achieves ~85% efficiency and limits SOC drop to 12%,
indicating superior energy utilization and reduced battery stress. The higher PV contribution (~22%) and supercapacitor share
(~6%) compared to conventional approaches further establish the novelty of this design.

Table 3 Comparison of Hybrid EV Studies with Present Work

Ref. EV System | Method / Tool Output Parameters | Key Outcomes
Configuration Reported
[20] Battery— MATLAB/Simulink, SOC, Battery | SC reduces battery peak current by ~35%,
Supercapacitor Fuzzy Logic Current Stress, | extends battery life
EV Efficiency
[21] PV-Battery EV Simulink + MPPT PV Power | PV improves driving range by ~8-10%
Contribution, SOC, | under sunny conditions
Range
[22] PV-Battery-SC Rule-based EMS SOC, Efficiency, | Achieves 12% energy savings vs. battery-
Hybrid Bus Fuel/Energy Savings | only system
[23] Battery-SC EV Hardware-in-Loop Voltage  Stability, | SC improves DC-link stability and
(HIL) Transient Response | acceleration response
[24] PV-assisted EV Experimental Testbed Range, Energy Share | PV panel contributes ~5% of total daily
energy in urban drive cycle
Proposed | PV-Battery— MATLAB/Simulink SOC, Efficiency, | Demonstrates integrated effect: SOC
Work Supercapacitor (Custom Models) Range, Power | maintained ~85—75%, efficiency ~82—
EV Balance, Energy | 88%, PV share ~15-20%, SC stabilizes
Contribution transient currents; novel combined analysis
of PV-Battery-SC for EV mobility

The results derived from both the plots and the comparison table emphasize the strength of the integrated solar—battery—
supercapacitor system. The hybrid EV demonstrates marked improvement in energy balance and stability compared to battery-
only or battery—PV configurations reported in earlier studies. The voltage stability (Fig. 2) and SOC sustainability (Fig. 4) are
supported by the quantitative values in the table, which confirm that PV and SC integration reduces net battery discharge and
improves effective driving range.
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Furthermore, the energy share analysis (Fig. 8), when viewed alongside table benchmarks, validates that the PV module reduces
charging dependency, while the supercapacitor minimizes stress on the battery during transient load spikes. This division of roles
allows the battery to operate within a narrower SOC band, thereby prolonging lifetime and improving thermal safety margins.
The efficiency levels recorded (~85%) are not only higher than the average reported in literature but are also sustained consistently
over dynamic cycles, demonstrating the robustness of the proposed management strategy.

V. Conclusion

The comparative study confirms that the proposed Solar-Battery—Supercapacitor hybrid EV achieves clear performance gains
aligned with the objectives:

Simulation of a Solar, Battery, and Supercapacitor Powered EV and its Power Management — The hybrid model exhibits
stable operation with balanced power flow, validating the effectiveness of the energy management framework.

Investigating the effect of PV cell, battery, and supercapacitor on vehicle performance — Quantitative results show reduced
SOC drop (12% vs. 20-25% in literature), higher average efficiency (~85%), and significant PV and SC contributions (~28%
combined).

The novelty lies in bridging renewable PV integration with fast-response supercapacitor buffering, evaluated on a realistic drive
cycle and benchmarked against existing works. This approach not only reduces dependence on external charging but also addresses
critical issues of battery aging and range anxiety, thereby paving the way for sustainable, next-generation EV architectures.
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