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Abstract. This paper presents a conceptual synthesis of hybrid energy storage systems for electric vehicles, combining lithium-ion batteries with supercapacitors to exploit their complementary characteristics of high energy density and high-power density. Particular emphasis is placed on circuit topologies, energy management strategies, integration with photovoltaic charging and vehicle-to-grid operation, as well as practical packaging and layout considerations – topics that are less systematically addressed in previous reviews. This conceptual synthesis makes reference to Thevenin-type equivalent circuits for lithium-ion batteries and simplified representations of supercapacitors, which are widely employed in the literature to characterize transient and steady-state behavior. A rational active hybrid energy storage systems architecture using two bidirectional DC/DC converters is proposed as a reference solution, since it offers superior control flexibility and efficiency compared to passive or semi-active alternatives. To support the conceptual discussion, an illustrative numerical case study is included, demonstrating a significant reduction in peak battery current during regenerative braking together with an observable enhancement in total recovered energy. The paper concludes with design guidelines and highlights key limitations and perspectives for future research, particularly the role of energy management system optimization and experimental validation under real driving conditions. 
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INTRODUCTION
The development of electric vehicles is a critical component of the global transition toward sustainable and environmentally friendly transportation. Driven by technological advances and policy support, the electric vehicle market is expanding rapidly, playing a decisive role in reducing greenhouse gas emissions, decreasing dependence on fossil fuels, and improving urban air quality. The evolution of electric vehicles signals the gradual decline of the internal combustion engine (ICE) era. Progress and rapid development in the field of sustainable automotive engineering are being achieved through the deployment of electric motors, which replace ICEs primarily to enhance drivetrain efficiency and ensure environmental compatibility. Electric motors are powered exclusively by battery systems or supercapacitors (SC). The major challenge hindering the widespread adoption of electric vehicles is the development of high-power and high-capacity energy storage systems that can extend driving range and prolong battery lifespan. However, the anticipated levels of power and energy density in battery technologies have not yet been fully achieved. Researchers are actively addressing the issue of designing highly efficient and powerful energy storage systems for electric vehicles. At present, this challenge can be mitigated through the integration of supercapacitors. Supercapacitors are regarded as one of the most promising and distinctive energy storage technologies owing to their exceptional charge-discharge characteristics, ability to deliver higher power than conventional batteries, and extended operational lifetime. Moreover, their reliable performance across a wide temperature range further enhances their potential for application in electric vehicle energy storage systems.
LITERATURE REVIEW AND STATEMENT OF THE PROBLEM 
Batteries represent a key component of electric mobility and energy storage. A systematic review and analysis of electric vehicle batteries is provided in [1]. The evaluation and prediction of the instability of lithium-ion battery packs in electric vehicles, based on real-world operational data, are reported in [2]. The reliability and efficiency of energy storage systems used in electric vehicles are of critical importance to consumers. An overview of the main challenges associated with lithium-ion batteries in electric vehicles is presented in [3].
A practical solution is the integration of a battery with a supercapacitor, which is essentially an electrochemical device with a similar architecture but characterized by a higher charge-discharge rate and superior cycling stability. In such a configuration, the supercapacitor can supply the additional energy required when the battery alone is insufficient. Beyond considering the battery and supercapacitor as independent units, the electrical design of the hybrid system architecture is of paramount importance. Recent studies on the application of hybrid battery-supercapacitor energy storage systems in electric vehicles are reviewed in [4].
The use of energy-efficient technologies that combine supercapacitors and lithium-ion batteries has recently gained wide adoption in transportation, industry, and power engineering, particularly in the domain of electric vehicles [5, 6]. A comprehensive review presented in [7] highlights the latest advances in the design and implementation of hybrid energy storage systems (HESS) based on batteries and supercapacitors for electric vehicles. The study examines the impact of integrating such hybrid systems on key performance indicators, including extended driving range, improved acceleration, and enhanced overall durability of lithium-ion batteries.
In [8], it was established that two essential components of electric vehicle power management systems are the battery pack and supercapacitors. Long-term energy storage is ensured by the high energy density of batteries, complemented by the high-power density and fast charge/discharge capability of supercapacitors. The integration of these technologies enables effective energy management, balancing energy demands while extending battery lifetime. 
In [9], a hybrid energy storage system for electric vehicles, combining batteries and a supercapacitor integrated with solar photovoltaic cells, was proposed and numerically modeled in MATLAB/Simulink. 
Furthermore, in [10], a control strategy was developed for an active hybrid battery-supercapacitor energy storage system intended for electric vehicle applications. 
In [11], a hybrid energy management method for a battery-supercapacitor energy storage system is presented, along with an approach to integrated charging in electric vehicles. An enhanced energy management strategy for hybrid energy storage systems in electric vehicles is reported in [12]. 
Furthermore, in [13], an optimized energy management strategy based on an adaptive neuro-fuzzy inference system is proposed for the integration of battery and supercapacitor power in electric vehicles.
The study in [14] introduces a dual energy storage solution for electric vehicles, combining a lithium-ion battery as the primary energy source with a supercapacitor serving as an auxiliary energy buffer. 
In [15], recent advances in the integration of lithium-ion batteries and supercapacitors are reviewed, highlighting innovative synthesis strategies and hybrid nanostructures. Finally, [16] provides an analysis of the development trends of supercapacitors and batteries over the past 18 years and outlines prospects for their application in the coming decade.
The analysis of publications indicates that the ideal characteristics of energy storage systems for electric vehicles include high specific energy and power density, rapid response, extended service life, high operational reliability, and low maintenance costs. Lithium-ion batteries are currently emerging as the dominant technology among various battery types due to their relatively low cost, favorable specific characteristics, and high number of charge-discharge cycles. It is expected that next-generation lithium-ion batteries will achieve an energy density of up to 500 Wh/kg. However, their limitations, such as insufficient specific power and susceptibility to degradation, necessitate the development of hybrid battery-supercapacitor energy storage systems.
Although several recent reviews and studies [7-12, 16] address elements of battery–supercapacitor hybrid systems, a focused conceptual synthesis that explicitly combines HESS design, PV and V2G integration and practical packaging/layout considerations for vehicle implementation remains limited. The present work aims to provide such a synthesis and to illustrate its implications via circuit-level solutions and a numerical example.
Reliability, efficiency, and long service life of the energy storage system used in electric vehicles are of critical importance to consumers. At present, lithium-ion batteries equipped with a battery management system (BMS) and a cooling system are predominantly employed to supply power to electric vehicle drives. This choice is justified by the fact that lithium-ion batteries offer high specific energy, high operating voltage, low self-discharge rate, and sufficiently high charge acceptance.
However, such energy storage systems exhibit several challenges, including:
· capacity fade caused by the degradation of lithium-ion batteries, which reduces both the driving range and service life of electric vehicles [17];
· safety concerns, which may lead to elevated temperatures, thermal runaway, fire, and even explosion of lithium-ion batteries [3, 18].
In addition, lithium-ion batteries show significant drawbacks when used as the sole power source in the energy storage system of electric vehicles. For instance, during steep ascents, rapid acceleration, or sudden starts, electric vehicles are unable to effectively meet the demands of high-rate discharge. Furthermore, during energy recuperation, particularly on downhill slopes under regenerative braking conditions – lithium-ion batteries are unable to fully absorb the recovered energy. In such cases, the high charging current accelerates degradation and shortens the service life of the battery. Therefore, the development of energy storage systems for electric vehicles based on rechargeable batteries and supercapacitors represents a highly relevant and promising research direction.
Research Aim and Objectives 
The objective of this research is to enhance the environmental sustainability, power capability, efficiency, and service life of electric vehicle energy storage systems through the combined utilization of lithium-ion batteries and supercapacitors.
To achieve this objective, the following research tasks have been carried out:
· substantiation of the research direction, determination of the relevance, and assessment of the prospects for the development of energy storage systems for electric vehicles;
· systematic review and analysis of recent scientific and technical literature on electric vehicles, energy storage systems, lithium-ion batteries, supercapacitors, and control systems;
· analysis of lithium-ion batteries, including the development of equivalent electrical circuits and battery models;
· analysis of supercapacitors, including the development of equivalent electrical circuits and supercapacitor models, as well as identification of the main characteristics of commercially available devices;
· development of circuit solutions for the design of a hybrid battery-supercapacitor energy storage system for electric vehicles, along with investigations of vehicle-to-grid technology integrated with a photovoltaic power station;
· construction of structural and electrical schematics of voltage converters for electric vehicle drives;
· development of rational approaches to the placement of supercapacitors and other components of a hybrid energy storage system within the vehicle;
· formulation of key challenges and prospects for the implementation of hybrid battery-supercapacitor energy storage systems in the field of sustainable automotive engineering.
LITHIUM-ION BATTERY RESEARCH 
Lithium-ion batteries offer several advantages over other advanced battery technologies, such as nickel–metal hydride and nickel-cadmium. They exhibit one of the highest specific energy densities among contemporary battery technologies, ranging from 200 Wh/kg to 500 Wh/kg. Furthermore, lithium-ion batteries provide up to three times more charge/discharge cycles compared to these technologies. This implies that lithium-ion batteries can ensure a longer service life with relatively low maintenance requirements compared to other types of batteries. 
Another important advantage is their low self-discharge rate, which is typically in the range of 3–5% per month. In contrast, nickel-metal hydride batteries, such as those used in the Toyota Prius, exhibit a self-discharge rate of about 30%. Owing to these advantages, lithium-ion batteries have largely replaced nickel-cadmium and nickel-metal hydride batteries as the dominant technology in the market for portable electronic devices (e.g., smartphones and laptops). They are also widely employed in aerospace applications, where weight is a critical factor. In the automotive industry, electric vehicles such as the Nissan Leaf, Tesla, and others use lithium-ion batteries as their primary energy source. Despite these advantages, lithium-ion batteries still have notable drawbacks, particularly regarding safety. They are prone to overheating and can be damaged by excessive voltage [19]. Elevated temperatures may, in some cases, lead to thermal runaway and combustion. Consequently, in recent years, several safety management strategies have been developed to enhance operational reliability and reduce the failure rate of lithium-ion batteries [20].
A comparison of the key parameters of various types of commercial rechargeable batteries is presented in Table 1. 
	TABLE 1. Comparative parameters of rechargeable batteries

	Battery type
	Cell voltage, V 
	Specific energy, Wh/kg
	Specific power, W/kg
	Cycle life

	Lead acid
	2.2
	35
	180
	1,000

	Nickel-cadmium
	1.2
	50 – 80
	200
	2,000

	Nickel-metal hydride
	1.2
	70 – 95
	250
	3,000

	Lithium-ion
	3.6
	200 – 500
	350
	5,000



The following types of lithium-based batteries are commercially widely used: lithium cobalt oxide (LCO), lithium iron phosphate (LFP), lithium manganese oxide (LMO), lithium nickel manganese cobalt oxide (NMC), lithium nickel cobalt aluminum oxide (NCA), lithium titanium oxide (LTO).
Lithium cobalt oxide batteries have been widely deployed in portable electronic devices owing to their high volumetric energy density. They have also found application in electric vehicles, including the Tesla Roadster and Smart ForTwo. However, their widespread adoption in the automotive sector has been constrained by the high cost associated with the limited availability of cobalt resources [21]. Another cathode material employed in electric vehicles, particularly in electric buses in China, is lithium iron phosphate. 
The key advantages of LFP batteries include stable operating voltage, long cycle life, and high thermal stability. Lithium manganese oxide is another commercially utilized cathode material, valued for its good thermal stability and power capability at relatively low cost; however, its energy density remains limited. To enhance energy density, some electric vehicles – such as the Nissan Leaf, BMW i3, and Chevrolet Bolt – incorporate blended battery systems that combine LMO cells with lithium nickel manganese cobalt oxide cells. Nickel-rich lithium NMC batteries offer high specific energy, however, their thermal stability and charge-discharge cycle life necessitate additional safety measures prior to integration into electric vehicles. Lithium NCA batteries are employed in electric vehicles such as those manufactured by Tesla.
One of the most widely used electrical models of a lithium-ion battery is the Thevenin model [22]. The equivalent Thevenin model incorporates a polarization resistance (RTh) in parallel with an equivalent capacitance (CTh), as illustrated in Fig. 1 a. The Thevenin capacitor (CTh) accounts for the transient characteristics observed during the charge-discharge process of the battery. In study [22], a lithium-ion battery model for the Partnership for a New Generation of Vehicles (PNGV) was developed to support the next generation of electric vehicles. The equivalent electrical circuit of the PNGV battery differs from the Thevenin battery model by incorporating an additional capacitor in series with the resistor R0, as illustrated in Fig. 1 b. This additional capacitor Cd helps to explain variations in the open-circuit voltage of an electric vehicle battery under load current conditions.
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FIGURE 1. Equivalent electrical circuits of a lithium-ion battery and supercapacitors: (a) Thevenin model; (b) PNGV model; (c) supercapacitor model. 
Supercapacitors Research 
In the scientific literature, the terms electrochemical double-layer capacitors, ultracapacitors, and supercapacitors are commonly used to describe electrochemical energy storage technologies suitable for rapid energy release 
[8, 23–27]. Supercapacitors are characterized by high specific power, fast charge-discharge capability, and an extended cycle life with virtually negligible degradation. When constructing an equivalent electrical circuit of a practical supercapacitor, it is necessary to account for the double-layer capacitance formed at the electrode-electrolyte interface, which is associated with a certain resistance. In addition, supercapacitors exhibit a self-discharge current resulting from their structural characteristics and underlying electrochemical processes. Therefore, a practical supercapacitor can be represented by the equivalent electrical circuit illustrated in Fig. 1 c. Where C1 is the capacitance of the anode double-layer, C2 is the capacitance of the cathode double-layer; R0 is the internal resistance; Rc is the self-discharge resistance.
The virtually unlimited service life of supercapacitors represents another significant advantage, as they can operate for between 100,000 and 1,000,000 cycles owing to their charge storage mechanism. Unlike batteries, they physically store charge on the surface of the electrodes without irreversible chemical reactions, thereby achieving a longer operational lifetime. Moreover, the simple charge storage mechanism generates less heat compared to batteries, ensuring safer and more reliable operation. It is also important to highlight the wide operating temperature range of different energy storage devices. Supercapacitors can be used at temperatures as low as −40 °C, which is unattainable for conventional batteries. In addition, supercapacitors exhibit greater reliability and safety than batteries under high-current charge-discharge conditions. A supercapacitor is capable of delivering up to one hundred times more power than batteries of the same volume, although the amount of electrical energy it can store is typically 3 to 30 times lower.
Recently, supercapacitors have been increasingly employed in transportation applications as high-power buffers, either independently or in combination with rechargeable batteries. However, supercapacitors exhibit a relatively low specific energy, typically ranging from 2.5 Wh/kg to 15 Wh/kg. At the same time, they demonstrate an exceptionally high specific power, reaching up to 10,000 W/kg, which enables rapid charge-discharge capabilities. These properties make them well suited for a variety of high-power applications, including regenerative braking and acceleration in electric vehicles. As integral components of HESS in electric vehicles, supercapacitors meet stringent power requirements, thereby alleviating the load on batteries, extending their service life, and enhancing the overall efficiency of electric vehicles. Supercapacitors have also found application in commercial transportation. For instance, the Chinese company «Ningbo CSR New Energy Technology» developed electric buses equipped with CSRCAP supercapacitors, which consume approximately 50 % less energy compared to conventional electric buses [23]. In 2010, PSA introduced a vehicle that employed supercapacitors to enhance initial acceleration and to recover braking mechanical energy into electrical energy, thereby reducing overall energy consumption. This approach significantly improves efficiency compared with conventional vehicles powered by gasoline and diesel engines [23].
Thus, a supercapacitor is an efficient electrical energy storage device with considerable potential for application in electric transportation. However, to enable their effective integration into electric vehicles, supercapacitors must be cost-effective, compact, and possess high energy density, while rational design approaches for hybrid battery-supercapacitor energy storage systems should also be developed.
Circuit design solutions for the development of a hybrid battery-supercapacitor energy storage system for electric vehicles
Hybrid battery-supercapacitor energy storage systems are gaining increasing attention due to their ability to combine the advantages of different energy storage technologies. The choice of circuit topology has a significant impact on both the performance of the energy storage system and the overall efficiency of the electric vehicle. The two energy sources (the battery and the supercapacitors) can be interconnected using different topologies, incorporating one or more DC/DC converters:
· passive topology is the simplest, consisting of a battery and a supercapacitor connected in parallel (Fig. 2 a). Although cost-effective and easy to implement, this configuration lacks active control mechanisms, which may result in voltage imbalance and reduced system efficiency, particularly under dynamic load conditions;
· semi-active topologies employ power electronic converters to enable active control of the energy flow between the battery and the supercapacitor (Fig. 2 b and Fig. 2 c);
· active topology employs dedicated power electronic converters for both the battery and the 
supercapacitor (Fig. 2 d).
In our view, the active HESS topology is the most suitable for application in electric vehicles, as it enables optimal energy management, provides a rapid response to dynamic load variations, and ensures improved overall efficiency. The active topology can effectively meet the high-power demands during acceleration and braking, as well as the steady power requirements during constant-speed driving. The active HESS topology can enhance the efficiency, driving range, and overall performance of an electric vehicle by optimizing the utilization of both the battery and the supercapacitor, while simultaneously extending battery lifespan. In this configuration, the supercapacitors and the lithium-ion battery are interconnected via bidirectional DC/DC converters to deliver power to the load.
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FIGURE 2. Structural configurations of a hybrid energy storage system: (a) passive topology; (b) semi-active topology with supercapacitor control; (c) semi-active topology with battery control; (d) active topology. 

To complement the discussion of circuit solutions, a comparative evaluation of passive, semi-active, and active hybrid energy storage system topologies is presented in Table 2. The comparison is based on key performance indicators frequently reported in the literature [28, 29], including energy recovery efficiency, battery current ripple reduction, cost, mass, and packaging flexibility.

	TABLE 2. Comparative analysis of hybrid energy storage system topologies for electric vehicles


	Topology type
	Regenerative and energy efficiency, %
	Energy efficiency, %
	Battery current ripple reduction, %
	Cost
	Mass
	Packaging flexibility
	Applicability in EVs

	Passive
	~60
	85
	~20
	Low
	Low
	Limited
	Limited

	Semi-active
	~75
	90
	~35
	Medium
	Medium
	Moderate
	Suitable for small EVs

	Active
	~85
	95
	~50–60
	High
	High
	High
	Recommended for EVs



The results indicate that passive topologies, while simple and low-cost, provide only limited efficiency and flexibility, making them suitable only for small-scale applications. Semi-active topologies offer moderate improvements but remain constrained in scalability. Active topologies, despite their higher hardware and control complexity, deliver superior performance across efficiency, current ripple reduction, and packaging flexibility, and are therefore considered the most suitable option for modern electric vehicles.
Figure 3 illustrates the circuit diagram of the HESS, which comprises two bidirectional DC/DC converters, each consisting of two IGBT transistors (T1, T2) and a single inductor (L) that stores and releases electrical energy. The operating mode of the DC/DC converter depends on the system’s power demand and the state of charge of both the battery and the supercapacitor.
The energy management system (ЕМS) of the HESS enhances power management by effectively distributing energy between the supercapacitors and the battery. Furthermore, control strategies such as proportional-integral-derivative (PID) regulators are employed to optimize energy consumption, thereby maximizing system efficiency and reliability. In addition, the EMS enables rapid energy discharge from the supercapacitors while providing sustained energy supply from the battery, which improves the overall stability of the system and enhances the dynamic performance of the electric vehicle.
[image: ]
FIGURE 3. Structural configurations of the hybrid energy storage system.

Through two bidirectional DC/DC converters, the lithium-ion battery and the supercapacitor pack are connected to the DC bus to supply power to the DC/AC inverter, which is integrated into the electric motor control system. The DC/AC inverter converts direct current into alternating current to drive the electric motor, which in turn propels the electric vehicle via the transmission system.
The EMS allows the energy to be managed between the two sources based on the state of charge of each source, the vehicle's driving status, and road conditions such as starting, accelerating, decelerating, climbing, or descending.
To manage the distribution of electrical energy among different sources in order to meet load demands, numerous studies have been conducted on algorithms for developing energy management strategies. These methods are generally classified into two main categories: rule-based methods, optimization-based methods.
Optimization-based approaches can be further divided into two groups: offline global optimization and online local optimization. Representative methods in this category include dynamic programming, neural networks, Pontryagin’s Minimum Principle, genetic algorithms, particle swarm optimization, and model predictive control strategies, among others. 
In the active hybrid energy storage system, the lithium-ion battery serves as the primary power source for the electric drive of the vehicle and is employed to supply energy over relatively long operating periods, whereas the supercapacitor is utilized during peak power demand and regenerative braking in order to alleviate the load on the battery.
The peculiarity of the hybrid energy storage system is that it effectively regulates the voltage of the DC circuit, creating a minimal load on the battery, which leads to an increase in its service life, improved dynamics, increased range and overall efficiency of the electric vehicle. 
Hybrid battery-supercapacitor energy storage systems for electric vehicles can be effectively utilized when connected to an external power grid via vehicle-to-grid (V2G) technology [30, 31] and integrated with photovoltaic (PV) power plants [32]. PV-based electricity generation systems are emerging as a key solution to environmental challenges while simultaneously meeting the growing global demand for energy. The integration of renewable solar energy with electric vehicles and the power grid offers significant potential for reducing greenhouse gas emissions in both the transportation and energy sectors.
Connecting the hybrid energy storage system of an electric vehicle to the external grid through V2G technology and to a photovoltaic power plant serves not only for charging, but also for enhancing the stability and dynamic response of the PV system. This configuration provides both continuous power supply and rapid grid support.
The study [32] introduces an innovative approach to improving power quality in grid-connected photovoltaic systems by integrating a hybrid energy storage system that combines batteries and supercapacitors with a novel three-phase, ten-switch inverter. The bidirectional converter effectively regulates the exchange of electrical energy between the photovoltaic system, the battery, the supercapacitor, and the external power grid. 
In the hybrid energy storage system, the battery provides long-term energy storage for supplying power to the grid. The supercapacitors, in contrast, enable rapid discharge for transient power support during short-term fluctuations in electricity demand, such as variations in solar irradiance or load changes. This hybrid configuration allows the system to respond more rapidly and efficiently to sudden changes in output power.
Each component of the hybrid energy storage system is interfaced with the DC bus through a bidirectional converter, which enables both charging and discharging modes. During charging, the electric vehicle battery absorbs energy either from the external power grid or from the PV system.
Given that supercapacitors exhibit relatively low specific energy, their placement within an electric vehicle represents a critical challenge due to their considerable volume. In [6], a concept was proposed involving the integration of supercapacitors into the vehicle body. The supercapacitors are primarily connected in series to increase the overall operating voltage. Additionally, the series-connected units are arranged in parallel to enhance the nominal energy capacity and power output. The panel geometry of the body-integrated supercapacitors is designed to conform to the contours of the original vehicle structure. They are seamlessly incorporated into the doors, trunk lid, roof, and hood. According to this concept, the supercapacitor modules and other components of the hybrid energy storage system are located on the roof, behind the passenger and driver seats, as well as in the hood and vehicle doors. The bidirectional voltage converter, motor controller, hybrid energy storage management controller, and vehicle control unit are installed in the trunk of the electric vehicle, while the primary energy source – a lithium-ion battery is positioned beneath the two front seats.

CASE STUDY OF A BRAKING–ACCELERATION EVENT

To provide quantitative support for the conceptual analysis, a simplified numerical example is presented. The purpose is to compare the battery current demand and the amount of recovered braking energy in two configurations: a battery-only energy storage system and an active hybrid energy storage system that combines a lithium-ion battery with a supercapacitor. This case study is illustrative and based on representative vehicle and component parameters reported in the literature [33–40].
The case considers a mid-size electric passenger vehicle with a mass of 1500 kg [33]. The initial speed (v0) is set to 50 km/h (13.89 m/s), and the braking duration (tbrake) is assumed to be approximately 3 s, which lies within the range reported in braking-event data [34, 35]. The direct current (DC) bus voltage (Vbus) is taken as 350 V, representative of mid-voltage electric vehicles operating in the 300–400 V range [36, 37]. Conversion efficiencies (𝜂SC) are assumed as 98% for the supercapacitor bidirectional DC/DC converter [38] and 90% for the battery-side (ηbat) charging path [39]. In line with common energy management strategies, it is further assumed that 80% of the transient braking energy is routed to the supercapacitor and 20% to the battery, reflecting control policies that prioritize the supercapacitor for high-power short-term capture [40].
Step 1. Kinetic energy available:



Step 2. Average braking power:



Step 3. Battery-only case. Without HESS, the battery absorbs the full braking power:


After conversion losses:



Step 4. Active HESS case. Energy directed to SC (before losses): 



With converter efficiency:



Energy directed to the battery (before losses): 



With efficiency:



Corresponding battery current:



Step 5. Results. The numerical results are summarized in Table 3, providing a side-by-side comparison of the two configurations in terms of peak battery current and recovered braking energy.

TABLE 3. Battery current and recovered energy during braking
	Case
	Peak battery current, A
	Energy to SC, Wh
	Energy to battery, Wh
	Total recovered, Wh

	Battery only
	138
	0
	36.2
	36.2

	Active HESS
	28
	31.5
	7.2
	38.7



Discussion and limitations. The results indicate that the active hybrid energy storage system reduces the peak battery current by almost 80 %, significantly alleviating battery current stress during regenerative braking. Furthermore, the total recovered energy is marginally higher compared to the battery-only configuration, primarily due to the high efficiency of the supercapacitor power converter. These findings are consistent with prior studies, which report that hybrid storage systems contribute to both mitigation of battery degradation risks under high-power transients and enhanced utilization of regenerative braking energy [40–42].
This case study is preliminary and based on simplified assumptions. For comprehensive validation, full drive-cycle simulations and experimental tests are required, including detailed modeling of supercapacitor voltage dynamics, converter switching losses, and battery aging effects
Conclusions 
A hybrid energy storage system that integrates the advantages of lithium-ion batteries and supercapacitors represents a viable and rational solution to meet the requirements of electric drive power supply systems in electric vehicles. The implementation of such energy storage systems, combining batteries and supercapacitors, is expected to provide the following benefits for the power source, the electric drive, and the electric vehicle as a whole:
· high power capability, which determines the dynamic performance of the electric vehicle;
· high energy capacity, which determines the driving range on a single battery charge;
· extended service life of the lithium-ion battery;
· improved regenerative braking efficiency.
A rational structural configuration of a hybrid battery-supercapacitor energy storage system for electric vehicles is presented, employing two bidirectional DC/DC converters to connect a lithium-ion battery and a supercapacitor module to the DC bus. The traction electric motor is supplied via a three-phase DC/AC inverter. The control system enables energy management between the two sources based on the state of charge of each source, the vehicle’s operational status, and prevailing road conditions. It has been demonstrated that the hybrid battery-supercapacitor energy storage system is also suitable for integration with an external vehicle-to-grid electrical network and a photovoltaic power station. The article examines the layout of the principal components of the electric drive within the vehicle: supercapacitors are embedded into the doors, hood, and roof; batteries are positioned beneath the seats; while voltage converters and control units are installed in the trunk. Finally, the advancement of electric vehicle technologies is strongly dependent on research and development in energy storage systems, manufacturing technologies, and continuous innovations in control systems, paving the way toward a more reliable, sustainable, and efficient future for electric mobility.
Design takeaways:
· active HESS with dedicated bidirectional converters provides the most effective mitigation of peak battery currents during transient events, thereby reducing electrochemical stress and potentially extending battery lifetime;
· in addition to topological and integration aspects, the effectiveness of hybrid battery–supercapacitor systems strongly depends on the design of the Energy Management System (EMS). A simple rule-based EMS, in which the supercapacitor handles high-power short transients and the battery supplies steady power, is practical for real-time implementation. Optimization-based methods, including Dynamic Programming and Model Predictive Control, offer further potential for maximizing regenerative energy utilization and prolonging battery life. The integration of these EMS paradigms remains an important avenue for future research;
· integration with photovoltaic (PV) charging and vehicle-to-grid (V2G) operation is technically feasible and can provide ancillary grid services, but requires coordinated control strategies and careful consideration of converter sizing;
· structural packaging of SC modules into vehicle components (e.g., doors, roof panels) can improve volumetric utilization; however, this introduces significant challenges in terms of mechanical robustness and thermal management;
· converter efficiency and control complexity remain the key trade-offs: active topologies provide superior dynamic performance but at the expense of higher hardware cost and more demanding control requirements.
Limitations and future work:
· the presented numerical case study is illustrative in nature. Comprehensive validation through detailed drive-cycle simulations, Hardware-in-the-Loop testing, and experimental measurements is required;
· battery degradation and ageing mechanisms were not explicitly modeled. Future studies should quantify lifetime benefits of HESS by coupling electrochemical ageing models with system-level energy management;
· mechanical and thermal integration of large-scale SC banks requires dedicated investigation, especially when considering distributed packaging into vehicle structures.
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