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 The rapid expansion of photovoltaic (PV) generation has intensified the need 

for energy storage systems capable of mitigating intermittency, voltage 

fluctuations, and dynamic load variations. While lithium-ion batteries (LIBs) 

provide high energy density and mature deployment pathways, their lifetime 

is significantly affected by frequent high-power transients and ripple 

currents under variable PV conditions. Hybrid energy storage systems 

(HESS) that combine batteries with supercapacitors (SCs) exploit 

complementary characteristics, high energy density from batteries and high-

power density from SCs used to improve dynamic performance and extend 

lifespan. In many systems, power electronics serve as the critical enabling 

interface for bidirectional energy flow, voltage regulation, and power 

decoupling. This paper presents a comprehensive, converter-centric review 

of power electronic topologies for PV-based battery–SC HESS, 

systematically classifying passive, active, cascaded, isolated, non-isolated, 

dual-active-bridge, and multiport architectures. Their performance is 

compared and evaluated in terms of efficiency, voltage gain, power density, 

controllability, scalability, and impact on battery stress, with reported 

prototypes achieving peak efficiencies in the 95–98% range. Emerging 

trends, including wide-bandgap (WBG) semiconductor adoption, soft-

switching operation, modular multiport integration, and predictive data-

driven control, are identified as key enablers for next-generation high-

efficiency and reliability-optimized PV–HESS systems. 
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1. INTRODUCTION 

The global deployment of photovoltaic (PV) systems has accelerated rapidly over the past decade as 

part of efforts to decarbonize electricity generation and electrify energy systems. The intermittency of solar 

irradiance due to daily cycles, weather variations, and phenomena such as partial shading causes significant 

challenges to reliable power delivery. Fluctuations in output of PV can cause rapid changes in generation that 

must be balanced with load demand or grid requirements, especially in off-grid and microgrid environments. 

This variability complicates voltage regulation, frequency control, and power quality, particularly when PV 

penetration levels exceed local demand or conventional balancing capacity. Addressing these challenges 

necessitates robust energy storage solutions that can support both high-energy and high-power demands 

associated with PV intermittency [1].  

https://creativecommons.org/licenses/by-sa/4.0/
https://orcid.org/0000-0002-1595-2915
https://orcid.org/0000-0001-9209-8911
https://orcid.org/0000-0002-3678-9555


Intellect J Ener Harv and Storage ISSN: 2963-6272  

 

Power electronics for hybrid battery–supercapacitor PV storage systems: state-of-the-art … (Tole Sutikno) 

59 

Batteries particularly lithium-ion chemistries are widely used for PV energy storage due to their 

high energy density and relatively mature cost structure. However, they exhibit inherent limitations that 

constrain performance in high-variability contexts, such as: 

- Finite lifetime and degradation: frequent cycling and high charge/discharge currents accelerate capacity 

fade, reducing operational life and increasing maintenance costs. Conventional batteries often require 

replacement every 3–5 years in solar applications if used without mitigation of transient stress [2].  

- Power density limitations: batteries are optimized for sustained energy delivery rather than rapid power 

bursts. Under fast load changes or irradiance variations, batteries are forced to provide peak power 

beyond their optimal range, resulting in increased internal resistance, heat generation, and reduced 

efficiency [3].  

- Battery stress under dynamics: in PV systems with significant fluctuations, the stress imposed on batteries 

by frequent ramping events can further shorten cycle life and reduce reliability. This necessitates 

oversizing or advanced management strategies to protect battery health [1].  

Hybrid energy storage systems (HESS) that combine batteries with supercapacitors (SCs) have 

emerged as a promising solution to these limitations by exploiting the complementary characteristics of both 

technologies. In a typical HESS configuration, batteries contribute high energy density and sustained energy 

delivery necessary to meet the majority of the daily energy balance. Meanwhile, SCs provide high power 

density, rapid charge/discharge capability, and extremely long cycle life often exceeding several hundred 

thousand cycles which effectively absorb power transients and support peak demands without significant 

degradation [4].  

This combination allows SCs to smooth fast fluctuations in PV output, significantly reducing the 

instantaneous current load on the battery and thereby extending battery lifetime and operational reliability. 

For example, empirical and simulation studies have shown that hybridization can reduce battery cycling 

stress and maintain more stable states of charge under dynamic PV conditions [5]. Additionally, tailored 

energy management strategies can optimize energy distribution and leverage the dynamic response of SCs to 

balance short-term variability with long-term storage needs [3].  

Power electronics constitute the core enabling technology for integrating PV generation with hybrid 

battery–HESS, as they govern energy flow management, voltage regulation, and power decoupling among 

system components with fundamentally different dynamic behaviors. Due to the intermittent and nonlinear 

nature of PV output, DC–DC converters equipped with maximum power point tracking (MPPT) are required 

to continuously extract optimal power while maintaining a stable DC bus for downstream storage and loads. 

In PV–HESS architectures, bidirectional converters further enable controlled charging and discharging of 

batteries and SCs, allowing fast power transients to be absorbed by the SCs while reserving the battery for 

long-duration energy balancing. This active power decoupling mitigates voltage ripple, improves power 

quality, and prevents high-frequency current components from propagating into the battery, thereby 

enhancing system stability under rapid irradiance and load variations [6], [7]. 

This paper focus on the power electronic interface of PV based hybrid battery–HESS, with 

particular emphasis on converter topologies, control strategies, and emerging technological trends. Unlike 

many existing surveys that primarily address hybrid storage from electrochemical or energy management 

perspectives, this paper adopts a converter-centric approach, systematically classifying non-isolated, isolated, 

interleaved, dual active bridge, and multiport architectures, and linking their structural characteristics to 

efficiency, power density, dynamic response, and battery lifetime implications. It further evaluates control 

strategies from conventional PI and droop methods to model predictive and AI-assisted techniques within the 

context of topology-dependent performance trade-offs. By integrating quantitative benchmarking with 

analysis of wide-bandgap (WBG) device adoption, modular designs, and digitalized control frameworks, this 

review provides a structured and forward-looking reference for the design of next-generation PV–HESS 

power conversion systems. 

 

 

2. FUNDAMENTALS OF PV-BASED HYBRID BATTERY–SC STORAGE SYSTEMS 

2.1.  Architecture of photovoltaic–hybrid energy storage systems-systems 

PV–HESS are generally implemented using either DC-coupled or AC-coupled configurations, each 

with distinct performance and integration implications. In DC-coupled architectures, PV arrays and hybrid 

storage units are connected to a common DC bus through dedicated DC–DC converters before interfacing 

with a grid-tied inverter. This structure reduces redundant conversion stages, improves round-trip efficiency, 

and enables tighter coordination between MPPT control and bidirectional energy management—features 

particularly advantageous for battery–SC hybridization in microgrids and off-grid systems [8], [9]. 

Conversely, AC-coupled systems integrate storage on the AC side via independent inverters, offering 

flexibility for retrofitting existing PV installations and independent operational control, albeit at the cost of 

additional conversion losses and increased synchronization complexity [10]. 
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From a structural perspective, PV–HESS can be organized into centralized, distributed, or modular 

architectures. Centralized configurations aggregate PV and hybrid storage through a single conversion 

interface, simplifying control but limiting redundancy. Distributed architectures employ multiple localized 

converters, improving scalability, dynamic performance, and fault tolerance in microgrid environments [11]. 

More recently, modular and multiport converter (MC)-based architectures have attracted attention for 

integrating PV, batteries, and SCs within a unified high-frequency structure, reducing component duplication 

while enhancing power density and expandability [12]. The selection among these architectures involves 

trade-offs among efficiency, control complexity, scalability, and reliability, making architectural design a 

foundational consideration in high-performance PV–HESS deployment. Figure 1 shown the general 

architecture of PV–HESS systems. 

 

 

 
 

Figure 1. Architecture of PV–HESS systems 

 

 

2.2.  Characteristics of batteries and supercapacitors 

Lithium-ion batteries (LIBs) are characterized by high energy density (typically 150–250 Wh/kg at 

pack level) and relatively high round-trip efficiencies (>90%), making them suitable for sustained energy 

delivery in PV and EV applications; however, their power density is limited compared to electrochemical 

capacitors, and degradation remains a major constraint [13], [14]. Recent studies classify degradation 

mechanisms into loss of lithium inventory (LLI), loss of active material (LAM), and conductivity loss (CL), 

driven by cycling, high C-rate operation, temperature, and depth-of-discharge stress [13], [15]. Calendar and 

cyclic aging phenomena progressively increase internal resistance and reduce usable capacity, with end-of-

life commonly defined at 80% of nominal capacity [13], [14]. Advanced nickel-rich chemistries (e.g., nickel 

manganese cobalt (NMC)) further highlight structural instability and surface reactivity as dominant failure 

pathways under high-voltage operation [15], [16]. These mechanisms directly limit lifetime under highly 

fluctuating PV load profiles, particularly when subjected to frequent high-power transients. 

In contrast, SCs exhibit very high-power density (kW/kg range), fast charge–discharge capability 

(seconds scale), excellent cycle life (>10⁵–10⁶ cycles), and wide temperature tolerance, albeit with 

substantially lower energy density (typically 5–20 Wh/kg) [17]-[19]. Recent material advances, including 

pseudocapacitive nanostructures and graphene-based electrodes, have improved volumetric capacitance and 

cycling stability while maintaining high-rate capability [20], [21]. Because SCs are less sensitive to high 

current pulses and depth-of-discharge stress, they are particularly suitable for transient power buffering. 

Consequently, hybrid battery-SC energy storage systems (HESS) exploit the complementary characteristics 

of both technologies: the battery provides bulk energy capacity, while the SC mitigates peak currents and 

power fluctuations, reducing battery stress and extending cycle life [17], [22]. Experimental and optimization 
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studies consistently report measurable reductions in battery peak current and improved lifetime when 

appropriate energy management strategies are implemented [22]. 

 

2.3.  Power electronics requirements for photovoltaic–hybrid energy storage systems 

Power electronic interfaces in PV–HESS must ensure bidirectional power flow, wide voltage 

operating range, high efficiency under partial-load conditions, and long-term reliability with modular 

scalability. Bidirectional DC–DC converters are essential to coordinate charge–discharge cycles between 

batteries and SCs while stabilizing the DC bus during PV intermittency; recent comprehensive reviews 

emphasize their central role in HESS lifetime extension and dynamic power decoupling [23]. Experimental 

prototypes of high-performance bidirectional converters report efficiencies of 98.4% in multiport non-solitary 

designs [24] and up to 98.6% in high-gain coupled-inductor structures [25]-[27], demonstrating state-of-the-

art performance benchmarks. Wide voltage conversion capability is required due to PV MPPT variability and 

the broad SoC-dependent voltage window of both batteries and SCs [28], [29]; recent dual-active-bridge 

implementations for PV–BESS achieve >95.8% efficiency with 10:1 voltage gain (60–600 V) [30], while 

high-gain KY-based bidirectional converters reach 97.67–99.22% efficiency in discharge mode [31]. Under 

partial-load operation, common in PV applications, soft-switching and interleaved topologies reduce 

switching loss and ripple stress, as shown in recent soft-switching bidirectional converters [32], [33]. Finally, 

reliability and scalability benefit from multiport and modular architectures that reduce component count and 

semiconductor stress while enabling expandable HESS integration in DC microgrids [34]. Collectively, these 

requirements highlight that converter topology selection directly governs efficiency, dynamic response, 

thermal stress distribution, and ultimately the operational lifetime of PV–HESS systems. 

 

 

3. CLASSIFICATION OF POWER CONVERTER TOPOLOGIES FOR PV–HESS 

In PV–HESS system, power converter plays an important role to deliver the power smoothly from 

the PV source to HESS and the load. Therefore, classifying the types of power converters is a very important 

point in determining the selection of the type of converter that best suits the characteristics of the PV-HESS 

system developed. Figure 2 shown the power converter topologies for PV–HESS systems. 
 

 

 
 

Figure 2. Classification of power converter topologies for PV-HESS 
 

 

Figure 2 presents a structured classification of power converter topologies employed in PV–HESS, 

organized into three principal categories based on electrical isolation and system architecture. Non-isolated 

converters, including buck, boost, buck–boost, interleaved, and multi-input DC-DC configurations, are 

characterized by their simplicity, high efficiency, and compact design, but lack galvanic isolation, making 

them more suitable for low to medium power applications [26], [35]. In contrast, isolated converters, such as 

flyback, forward, push–pull, full-bridge, half-bridge, and dual active bridge (DAB) topologies, utilize high-

frequency transformers to provide galvanic isolation, voltage scaling, and improved safety, albeit with 

increased complexity and cost. The third classification distinguishes between single-stage and multi-stage 

structures: single-stage converters directly integrate PV and storage interfacing within one conversion step, 

offering reduced component count and potentially higher efficiency, while multi-stage architectures separate 

PV and storage processing (e.g., via a DC bus), enabling enhanced control flexibility, modularity, and 

optimization at the expense of additional conversion losses and system complexity. 
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4. CONVERTER TOPOLOGIES FOR BATTERY–SUPERCAPACITOR HYBRIDIZATION 

4.1.  Passive hybridization topologies 

Passive hybridization connects the battery and SCs directly in parallel to a common DC bus without 

dedicated converters, relying on their intrinsic impedance differences to achieve natural power sharing—

where the SC handles high-frequency transients and the battery supplies low-frequency energy components. 

Although this configuration offers structural simplicity and low cost, it lacks controllability in current 

distribution and independent state-of-charge (SoC) regulation, limiting its effectiveness in mitigating battery 

stress under dynamic PV conditions. Recent reviews highlight that passive HESS structures provide limited 

lifetime extension due to insufficient ripple suppression and constrained dynamic control [36]-[38]. 

Consequently, passive approaches are generally suitable only for low-power or cost-sensitive applications 

where advanced energy management is not required. 

 

4.2.  Active hybridization topologies 

Active hybridization employs bidirectional DC–DC converters to regulate power flow between the 

battery, SC, and DC bus, enabling controlled power decoupling and optimized current sharing. In partially 

active configurations, typically only the SC is interfaced through a converter, while the battery is directly 

connected; fully active architectures utilize separate converters for both storage elements, offering maximum 

control flexibility and superior ripple mitigation. Experimental studies report that actively managed HESS 

can reduce battery current ripple by more than 50% and extend cycle life by 20–40% under dynamic load 

profiles [39], [40]. Furthermore, recent developments in model predictive control (MPC) and adaptive energy 

management strategies improve dynamic response and efficiency in PV-integrated hybrid storage systems 

[41], [42], making active topologies the preferred solution for high-performance PV–HESS applications. 

 

4.3.  Multiport converter designs 

MC architectures integrate PV, battery, and SC interfaces within a unified three-port or multiport 

DC–DC topology, reducing redundant conversion stages and enhancing system-level efficiency. Compared 

to conventional cascaded dual-converter approaches, MCs achieve lower component count, reduced 

conduction losses, and improved power density. Recent three-port bidirectional converters demonstrate peak 

efficiencies exceeding 97–98% while enabling flexible power allocation among storage ports [43], [44]. 

Dual-active-bridge-based and coupled-inductor multiport structures further provide high voltage adaptability 

and soft-switching capability, improving overall reliability and scalability [45], [46]. Comparative analyses 

confirm that multiport solutions outperform traditional separate-converter architectures in terms of 

volumetric power density and conversion efficiency, though they require more sophisticated control design 

and protection strategies.  

Table 1 provides a high-level comparison of different DC–DC converter topologies commonly 

employed in PV–HESS applications. The comparison highlights trade-offs in isolation, switch count, control 

complexity, and achievable power density. Non-isolated converters remain attractive for small-scale PV 

systems due to their simplicity, while interleaved and MCs address higher current and integration needs. 

Isolated configurations such as flyback or DAB topologies are preferred in safety-critical or medium–high 

power applications where galvanic isolation is essential. 

 

 

Table 1. High-level topology comparison 
Topology category Typical 

configuration 

Isolation Number of 

active switches 

Control 

complexity 

Power 

density 

Typical applications 

Non-isolated DC–

DC 

Buck/boost/buck–

boost 

No Low Low Medium Small-scale PV systems 

Interleaved DC–DC Multi-phase 

buck/boost 

No Medium Medium High High-current PV–HESS 

Isolated DC–DC Flyback/full-bridge Yes Medium–high Medium Medium Safety-critical systems 
DAB HF transformer-

based 

Yes High High High Medium–high power 

PV–HESS 

MC Three-port DC–DC Optional Medium High Very high Integrated PV–HESS 

 

 

5. CONTROL AND ENERGY MANAGEMENT STRATEGIES 

5.1.  Converter-level control techniques 

Converter-level control in PV–HESS systems is typically implemented using voltage-mode control 

(VMC) and current-mode control (CMC) to regulate DC-link voltage and shape bidirectional current flow 

between the battery, SC, and DC bus. While VMC offers implementation simplicity, CMC provides faster 

transient response and inherent overcurrent protection, making it more suitable for ripple-sensitive hybrid 
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storage applications. In multi-converter PV–HESS microgrids, droop control is widely adopted to enable 

decentralized power sharing without communication links, whereas virtual impedance techniques enhance 

current sharing accuracy and suppress circulating currents. Recent studies report improved stability margins 

and dynamic performance when adaptive droop and virtual impedance compensation are applied in DC 

microgrids with hybrid storage [47]-[49]. These approaches remain foundational for scalable PV–HESS 

converter coordination. 

 

5.2.  Power sharing and energy management algorithms 

Power sharing in battery–SC systems is commonly realized through frequency-based (low-/high-

pass filter) and power-based splitting methods, where low-frequency power components are assigned to the 

battery and high-frequency transients to the SC to reduce battery stress. Frequency-decoupling techniques are 

computationally efficient and widely used, while power-based strategies incorporate load demand and SoC 

information for more adaptive allocation. Beyond heuristic approaches, rule-based energy management offers 

deterministic logic for charge/discharge decisions, whereas optimization-based strategies—such as dynamic 

programming and convex optimization—aim to minimize degradation cost and energy loss. Comparative 

studies show that optimization-based hybrid energy management can significantly reduce battery peak 

current and extend cycle life under stochastic PV conditions [50]-[53]. These methods form the core of 

hierarchical PV–HESS supervisory control. 

 

5.3.  Advanced and intelligent control approaches 

Advanced control strategies, including MPC, fuzzy logic control (FLC), and neural-network-based 

methods, are increasingly employed to address the nonlinear and multi-objective nature of PV–HESS 

systems. MPC enables predictive current shaping and constraint handling, improving transient response and 

reducing battery ripple compared to conventional PI-based control [54]-[56]. FLC provide robustness under 

parameter uncertainty, while neural networks facilitate adaptive power allocation and state estimation. Recent 

reviews highlight the growing role of artificial intelligence and machine learning in hybrid energy storage 

management, including load forecasting, SoC estimation, and degradation-aware dispatch optimization  

[57], [58]. These intelligent approaches represent a transition toward predictive, data-driven energy 

management in PV–HESS microgrids.  

 

 

6. PERFORMANCE METRICS AND COMPARATIVE EVALUATION 

6.1.  Efficiency, power density, and cost metrics 

Performance evaluation of PV–HESS converters is primarily based on conversion efficiency, 

volumetric power density, and overall cost per kW, all of which are strongly influenced by semiconductor 

switching losses and magnetic component design. Conduction and switching losses in metal-oxide-

semiconductor field-effect transistors (MOSFETs)/insulated gate bipolar transistors (IGBTs), core and 

copper losses in inductors/transformers, and parasitic effects determine full-load and partial-load efficiency 

profiles. The adoption of WBG devices such as silicon carbide (SiC) and gallium nitride (GaN) has enabled 

higher switching frequencies, reduced switching losses, and smaller passive components, thereby improving 

power density and system compactness. Recent surveys report efficiency improvements of 1–3% and 

significant reductions in magnetic volume when transitioning from Si to SiC/GaN devices in high-frequency 

DC–DC converters [59]. Moreover, techno-economic analyses indicate that although WBG devices increase 

initial semiconductor cost, lifecycle cost per kWh decreases due to higher efficiency and reduced cooling 

requirements. 

 

6.2.  Impact on battery lifetime and system reliability 

Converter topology and control strategy directly influence battery lifetime and system reliability by 

shaping current ripple and thermal stress. High-frequency ripple currents accelerate electrochemical 

degradation mechanisms such as lithium plating and solid-electrolyte interphase (SEI) growth, reducing cycle 

life. Hybrid battery–SC configurations with properly controlled bidirectional converters significantly 

suppress low- and high-frequency ripple components, thereby extending battery lifespan. Experimental 

studies demonstrate that ripple mitigation strategies can reduce RMS battery current by up to 40%, 

translating into measurable cycle-life improvement [60], [61]. Thermal stress, driven by semiconductor 

losses and uneven current sharing, further impacts reliability; interleaved and modular converter structures 

distribute thermal loading more evenly and improve fault tolerance in DC microgrid applications. 

 

6.3.  Comparative summary of converter topologies 

Comparative evaluation of PV–HESS converter topologies typically consider efficiency range, 

component count, voltage gain capability, controllability, cost, and scalability. Non-isolated bidirectional 
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boost/buck–boost converters offer high efficiency and simplicity but limited voltage gain and no galvanic 

isolation; isolated dual-active-bridge (DAB) and full-bridge topologies provide wide voltage adaptability and 

soft switching at the expense of higher complexity and cost. MCs reduce redundant conversion stages and 

improve power density but require sophisticated control and protection schemes. Recent comparative reviews 

highlight that multiport and partially integrated architectures achieve superior system-level efficiency and 

reduced battery stress compared to cascaded dual-converter approaches [24], [62], [63]. Table 2 shows the 

comparison summarizing topology type, isolation capability, peak efficiency, control complexity, 

advantages, and limitations is recommended to clearly position state-of-the-art solutions and guide topology 

selection for specific PV–HESS applications. 

 

 

Table 2. Comparative summary of converter topologies for PV–HESS 
Topology type Isolation 

capability 

Reported peak 

efficiency 

Control 

complexity 

Advantages Limitations 

Passive hybrid (direct 

parallel) 

No >95% (no extra 

stage) 

Very low Minimal cost, no 

additional converter 

Poor controllability, battery 

current ripple, limited 

lifetime improvement 

Dual-converter 
(cascaded 

bidirectional DC–DC) 

Optional 92–96% Moderate Independent control of 
battery and SC, 

flexible EMS 

Higher component count, 
multiple conversion stages 

MPC No 90–94.3% 
(reported 

prototypes) [64] 

Moderate Fewer switches, higher 
power density, reduced 

stages 

No galvanic isolation, 
safety constraints 

Isolated MC 

(transformer-based) 

Yes 95–96% (soft-

switching 

prototypes) [65] 

High Galvanic isolation, 

bidirectional power 

flow, soft switching 

Higher cost, magnetic 

design complexity 

Integrated three-port 

converter (switching-

capacitor/hybrid) 

Partial/no Up to 94% [66]  Moderate–

high 

Reduced redundant 

stages, compact 

structure, improved 
reliability 

More sophisticated 

modulation & protection 

Modular MC Typically, 

isolated 

~95% (reported 

lab-scale 
systems) [67] 

High Scalability, improved 

PV/battery utilization 

Increased control 

coordination, higher design 
complexity 

 

 

Recent reviews indicate that multiport and partially integrated architectures reduce redundant power 

conversion stages, improve system-level efficiency, and mitigate battery stress compared to cascaded dual-

converter structures [66]. Isolated multiport designs further enhance safety and enable soft-switching 

operation, achieving peak efficiencies around 96% in experimental prototypes [65]. 

 

 

7.  CONCLUSION  

This review demonstrates that converter topology and control strategy are decisive factors in 

determining the efficiency, reliability, and lifetime performance of PV-based battery–SC HESS. Passive 

hybridization offers structural simplicity but limited controllability and modest battery stress mitigation, 

whereas active and fully controlled bidirectional converter architectures significantly suppress ripple current, 

improve dynamic response, and extend battery cycle life. Isolated topologies such as dual-active-bridge 

converters provide wide voltage adaptability and soft-switching capability for medium- to high-power 

applications, while non-isolated interleaved converters remain suitable for cost-sensitive and lower-voltage 

systems. Multiport and partially integrated architectures reduce redundant conversion stages and enhance 

power density, though at the expense of increased control complexity. Advanced energy management 

strategies—particularly optimization-based and model predictive approaches—further enhance degradation-

aware dispatch and transient performance, marking a transition toward intelligent, data-driven hybrid storage 

control. Overall, the convergence of high-efficiency converter design, wide-bandgap semiconductor 

technology, modular architectures, and predictive control frameworks establishes a clear pathway toward 

scalable, high-performance PV–HESS deployment in future renewable microgrids and distributed energy 

systems. 
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