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A Review of Solar-Integrated Enhanced Quasi-Z-Source DC-DC Boost Converter for Charging of Electric Vehicle Batteries 
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ABSTRACT 

	The growing adoption of electric vehicles (EVs) has led to increasing demand for efficient and sustainable charging solutions, with solar energy emerging as a key renewable power source. However, conventional DC-DC converters used in photovoltaic (PV) charging systems face limitations such as reduced efficiency, poor voltage regulation, and sensitivity to input voltage fluctuations. The enhanced quasi-Z-source DC-DC boost converter (EQZS-DC-DC) presents a promising alternative by providing higher voltage gain, reduced component stress, and improved reliability. This review examines the topologies, operating principles, control techniques, and comparative performance of EQZS-DC-DC converters in solar-integrated EV charging applications. The study evaluates existing research on efficiency improvements, voltage ripple reduction, and transient response to highlight the advantages of EQZS over traditional converters like buck-boost and conventional Z-source converters. Furthermore, challenges such as parasitic losses, component sizing, and real-world implementation feasibility are discussed. The review concludes by identifying research gaps and recommending future improvements in topology design and control strategies for high-efficiency EV charging infrastructure.
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1. INTRODUCTION 

The global transition toward renewable energy-driven electric vehicle (EV) charging infrastructure has intensified due to escalating climate concerns and policy mandates favouring decarbonization. By 2030, EVs are projected to constitute 30% of global vehicle sales, necessitating charging systems fitted with renewable energy sources like solar photovoltaics (PV) to mitigate grid strain and carbon emissions [1]. Solar-integrated DC fast charging, which requires converting variable PV output (typically 48–150 V) to high-voltage EV battery levels (400–800 V), demands DC-DC converters with high voltage gain, efficiency, and dynamic stability [2]. Traditional buck-boost converters and classical Z-source topologies, while widely deployed, face critical limitations such as excessive voltage stress across switching devices (>200% of output voltage), switching losses (15–20% of total losses), and restricted voltage gain (3–5 times), rendering them inadequate for modern solar-EV applications [3], [4].

The enhanced quasi-Z-source DC-DC boost converter (EQZS-DC-DC) has emerged as a transformative solution, combining quasi-Z-network impedance with advanced modulation techniques to achieve voltage gains exceeding 10 times while minimizing component stress [5]. For instance, EQZS topologies employing coupled inductors and switched capacitors can boost 48 V PV arrays to 800 V with only 50% duty cycles, reducing voltage stress on switches by 40% compared to conventional Z-source designs [6]. This capability is critical for maintaining high efficiency (>95%) under partial shading or rapid irradiance changes, where maximum power point tracking (MPPT) accuracy and transient response are paramount [7]. Recent advancements in model predictive control (MPC) and adaptive sliding-mode controllers have further enhanced EQZS converters’ ability to stabilize DC-link voltage within 2% deviation during solar intermittency, outperforming traditional PI-controlled buck-boost systems [8].

Topological innovations in EQZS converters include hybrid configurations integrating gallium nitride (GaN) FETs and silicon carbide (SiC) diodes, which lessen switching losses by 30% and enable operation at 500 kHz frequencies, significantly shrinking passive component sizes [9]. For example, a 3-kW EQZS prototype with SiC devices demonstrated 97.2% efficiency at full load, surpassing conventional designs by 4–5% [10]. Additionally, three-level EQZS architectures distribute voltage stress across multiple switches, enabling scalability for ultra-fast 150–350 kW EV chargers [11]. Control strategies such as neural network-based MPPT algorithms optimize power extraction under dynamic conditions, achieving 99.3% tracking efficiency compared to 96.5% for perturb-and-observe methods [12].

Comparative analyses highlight EQZS converters’ superiority in solar-EV applications. A 2023 study showed that EQZS systems reduced total harmonic distortion (THD) by 60% and improved voltage regulation by 25% over traditional converters when interfacing 150 V PV arrays with 600 V battery packs [13]. Additionally, lifecycle cost analyses indicate that EQZS-based charging stations achieve 20% lower operational costs due to reduced maintenance and higher energy

2. Literature Survey

2.1 Topological Advancements in EQZS Converters  

The EQZS DC-DC converter represents a significant evolution over conventional quasi-Z-source (QZS) topologies, primarily through innovations in passive and active component integration. By using coupled inductors, switched-capacitor modules, and advanced clamping techniques, EQZS converters achieve superior voltage gain, reduced component stress, and higher efficiency, addressing critical limitations in solar-electric vehicle (EV) charging systems.
i. Switched-Capacitor Modules: Switched-capacitor (SC) modules have emerged as a cornerstone of EQZS design, enabling multiplicative voltage gain without relying on bulky transformers or extreme duty cycles. These modules utilize capacitor charging-discharging states in tandem with the quasi-Z-network to amplify voltage. For instance, a two-stage SC configuration can double the output voltage with minimal switching complexity, achieving gains exceeding 10× while operating at a moderate 60% duty cycle [15]. A 2022 study demonstrated a 48 V to 600 V conversion using a three-tier SC-EQZS topology, reducing transformer dependency by 70% and achieving 96.5% efficiency under full load [16]. Such designs are predominantly advantageous in solar-EV systems, where space constraints and intermittent input necessitate compact, high-gain solutions.
ii. Coupled Inductors: Coupled inductors enhance EQZS performance by merging magnetic coupling principles with the QZS network. This integration reduces passive component count and size while simultaneously increasing voltage gain. For example, a dual-winding coupled inductor can achieve a voltage multiplication factor of 4× with only 40% of the inductance required in conventional designs [17]. Recent implementations, such as the interleaved coupled-inductor EQZS converter, have demonstrated 98% efficiency at 5 kW by minimizing core losses and leakage inductance [18]. These advancements are critical for solar applications, where partial shading and rapid irradiance changes demand lightweight, high-response converters.
iii. Hybrid Active-Clamping Techniques: Hybrid active-clamping circuits integrate soft-switching mechanisms like zero-voltage switching (ZVS) and zero-current switching (ZCS) to mitigate voltage spikes and switching losses. By recycling leakage energy and clamping voltage transients, these techniques reduce switching losses by up to 35% compared to hard-switched EQZS counterparts [19]. A 2023 GaN-based EQZS prototype with active clamping achieved 97.8% efficiency at 500 kHz switching frequency, reducing voltage stress on MOSFETs by 45% [20]. Such topologies are indispensable for high-power EV charging, where thermal management and reliability are paramount.

Comparative Performance
Collectively, these advancements reduce semiconductor voltage stress by 30–50% and improve overall efficiency by 4–6% compared to traditional Z-source and buck-boost converters [21]. For instance, a 150 V PV-to-800 V battery conversion using an SC-coupled inductor EQZS design reported switch stress of 120 V (versus 200 V in conventional designs) and total harmonic distortion (THD) below 3% [22]. These innovations accentuate the EQZS converter’s role as a scalable, cost-effective solution for next-generation renewable-powered EV infrastructure.

2.1.1 Control strategies for dynamic performance  

EQZS converters employ adaptive control algorithms to optimize efficiency, stability, and dynamic performance across fluctuating solar irradiance and EV load conditions. These strategies ensure seamless integration of PV arrays with EV batteries while maintaining high power quality and operational reliability.

Model Predictive Control: Model predictive control (MPC) dynamically adjusts switching states to minimize tracking errors in MPPT and output voltage regulation. By solving a finite-horizon optimization problem, MPC predicts future system behaviour and selects control actions that minimize a predefined cost function. For solar-EV applications, the cost function typically prioritizes MPPT accuracy as measured from (1):
								(1)
where  is PV array’s output and  is the theoretical maximum power point.
A 2023 study demonstrated that MPC reduces MPPT tracking error to <1.5% under rapid irradiance changes (e.g., 200–1000 W/m² ramps), outperforming traditional PI controllers by 40% [23].

Integration with MPPT and Voltage Control: EQZS converters integrate MPPT algorithms (such as perturb-and-observe and incremental conductance) with closed-loop voltage control to optimize solar harvesting and battery charging. Under partial shading, neural network-based MPPT achieves 99.3% tracking efficiency, while constant-current constant-voltage (CC-CV) charging maintains battery state-of-charge (SOC) within ±2% accuracy [25]. These synergies guarantee optimal energy utilization across diverse operating scenarios.

[bookmark: _Hlk194873094]2.1.2 Efficiency and comparative analysis  

Studies by [26] highlighted that EQZS converters achieve 95–97% peak efficiency, outperforming conventional buck-boost (85–90%) and Z-source (88–92%) counterparts. This stems from reduced conduction losses (through lower component stress) and switching losses (through soft-switching). Thermal imaging reveals a 15–20°C temperature reduction in switches, enhancing reliability. Furthermore, EQZS topologies achieve voltage gains of 5–10× at duty cycles below 0.7, avoiding the saturation risks seen in traditional designs at high duty cycles . Efficiency  is defined as given in (2):
										(2)
Soft-switching reduces switching losses, lowering switch temperatures by  [27]. Thus, voltage gain  for EQZS is expressed in (3).
										(3)
where  is the coupled inductor turns ratio and D is duty cycle [28].

2.1.3 System-level impact on EV charging infrastructure  

In solar-integrated EV systems, EQZS converters enable direct DC-DC coupling between PV arrays and batteries, eliminating intermediate AC-DC stages and cutting energy losses by 8–12% [29]. Case studies in [30] demonstrate their role in off-grid charging stations, where EQZS-based systems sustain 24/7 operation via hybrid solar-battery buffering. Additionally, their bidirectional capability supports grid stabilization through vehicle-to-grid (V2G) services, aligning with smart grid initiatives.

2.2 Overview of Enhanced Quasi-Z-Source DC-DC Boost Converters  

[bookmark: _Hlk194874793]2.2.1 Evolution of DC-DC converters for EV charging  

The conventional boost converter has long been utilized for DC voltage step-up in solar power and EV charging systems [31]. However, its single-switch topology results in high voltage stress and efficiency losses at higher voltage gain requirements. Conventional boost converters have voltage gain  as expressed in (5), which are limited by high voltage stress at high .
							(4)
The Z-source inverter (ZSI) was introduced to overcome these issues, providing improved impedance matching and increased voltage gain. The quasi-Z-source converter (QZSC) improved gain and input current continuity [32]. EQZS-DC-DC futher enhances gain using coupled inductors.
		(for uncoupled inductors)					(5)
		(with coupled inductors)						(6)
Further refinements led to the quasi-Z-source converter (QZSC), which improved continuous input current and voltage boosting capability. The enhanced quasi-Z-source DC-DC boost converter (EQZS-DC-DC) builds upon these designs by incorporating coupled inductors and modified impedance networks, thereby reducing passive component requirements while improving conversion efficiency.

2.2.2 Operating principles of EQZS-DC-DC converters  

The EQZS-DC-DC converter operates by utilizing an LC impedance network, allowing energy storage and transfer in a manner that achieves higher voltage gain with reduced switching losses. Unlike conventional boost converters, the EQZS topology enables continuous input current, preventing harmonic distortions in the PV system output [33]. Additionally, coupled inductor techniques are often integrated to further enhance power transfer efficiency and reduce current ripple at higher loads [34]. Coupled inductors minimize current ripple , as expressed in (7):
									(7)
where  is the switching frequency.
	
2.1.1.1 Sub-sub-subheading (ARIAL, ITALICS, BOLD, 10 FONT, LEFT ALIGNED) - fourth level heading.]  

[bookmark: _Hlk194875506]3. Comparative Analysis of EQZS-DC-DC with Other Converter Topologies

Table 1 highlight results comparison of DC-DC converter configurations explored by different authors in the past.

Table 1: Review of past works

	Converter Type
	Voltage Gain
	Efficiency (%)
	Component Count
	Voltage Stress

	Conventional Boost [31] 
	
	85-90
	Low
	High

	Z-Source [32] 
	
	88-92
	Medium
	Moderate

	Quasi-Z-Source Converter [35]
	
	90-95
	Medium
	Low

	EQZS-DC-DC [33]
	
	95-97
	Low
	Low



The EQZS-DC-DC converter demonstrates superior performance in efficiency, voltage gain, and reduced component stress compared to traditional topologies [36]. This makes it ideal for high-power, solar-integrated EV charging applications where efficiency optimization and voltage regulation are crucial.

4. Challenges and Prospective Study Areas in EQZS-DC-DC Converters

[bookmark: _Hlk194875698]4.1 Parasitic losses and switching stress

EQZS converters reduce switching losses compared to traditional topologies, but parasitic resistances in passive components and voltage/current spikes during transitions remain critical issues at high power levels.
i. Soft-Switching Techniques: Integrating zero-voltage switching (ZVS) or zero-current switching (ZCS) with EQZS networks can mitigate losses. For example, [37] demonstrated a 96.5% efficiency in a 2 kW Z-source converter using resonant transitions.
ii. Wide-Bandgap Semiconductors: SiC and GaN devices reduce switching losses. A 2021 study by [38]. showed GaN-based Z-source inverters achieving 40% lower losses in photovoltaic applications.
iii. Parasitic Modelling: Improved analytical models for coupled inductors, such as those proposed by [39], help optimize designs to minimize losses.


[bookmark: _Hlk194875815]4.2 Component reliability and cost

The reliance on coupled inductors and impedance networks increases complexity and cost, particularly in high-power applications.
i. Multi-Objective Optimization: Genetic algorithms and Pareto-front analysis have been applied to balance cost and efficiency in Z-source designs [40].
ii. Thermal Management: Planar magnetic structures, as studied by [41], reduce thermal stress in inductors (IEEE Transactions on Power Electronics).
iii. Cost Reduction: Modular designs and integrated passive components (like PCB-embedded capacitors) lower manufacturing costs [42].

4.3 Optimization of control algorithms

Dynamic performance under variable loads requires advanced control strategies.
i. Model Predictive Control (MPC): [43] validated MPC for Z-source converters in microgrids, achieving 15% faster transient response.
ii. Adaptive Controllers: Fuzzy logic-based hysteresis control, as tested by [44], improves stability in renewable energy systems.
iii. Digital Twins: Real-time simulation frameworks, such as those by [45], enable predictive maintenance and adaptive tuning.

[bookmark: _Hlk194876451]4.4 Integration with battery management systems (BMS)

EQZS converters must align with lithium-ion battery charging protocols to prevent degradation.
i. Adaptive Charging: A 2023 study by [46] developed a neural network-based controller to synchronize Z-source converters with battery state-of-charge (SOC) profiles.
ii. Co-Simulation: Tools like RT-LAB and OPAL-RT enable hardware-in-the-loop testing of converter-BMS interactions [47].
iii. Safety Protocols: Overvoltage/overcurrent protection mechanisms, such as those proposed by [48], enhance reliability in EV applications.

4.5 Emerging research focus areas

The following research areas noted to further the drive towards better interaction between nature and technology in general:
i. Machine Learning Integration: Reinforcement learning for dynamic loss minimization as proposed by [49].
ii. Material Innovations: High-temperature superconductors for inductors as reported by [50].
iii. Standardization: Unified communication protocols for grid-connected systems [51].
iv. Sustainability: Lifecycle analysis and recyclability of passive components as presented by [52].


5. Conclusion

The enhanced quasi-Z-source (EQZS) DC-DC boost converter represents a paradigm shift in solar-integrated electric vehicle (EV) charging systems, overcoming the voltage stress, limited gain, and efficiency bottlenecks of traditional buck-boost and Z-source topologies. Through the incorporation of switched-capacitor modules, coupled inductors, and hybrid active-clamping techniques, the EQZS achieves voltage gains exceeding 10 times at moderate duty cycles () while maintaining peak efficiencies of 95–97%—a 5–10% improvement over conventional designs. Its continuous input current minimizes PV array stress, enabling robust MPPT with more than 99% accuracy under partial shading. On the other hand, soft-switching mechanisms reduce switching losses by 35% and component temperatures by 15–20°C. These advancements facilitate direct DC-DC coupling between PV arrays and EV batteries, eliminating intermediary conversion stages and reducing system-wide losses by 8–12%. Despite these performance merits, challenges persist in scaling bidirectional operation for ultra-fast charging (>350 kW), ensuring GaN/SiC device reliability under high-frequency switching (>500 kHz), and optimizing adaptive control algorithms for real-world grid dynamics. Future research must prioritize AI-driven digital twins for predictive maintenance, hybrid multilevel topologies for megawatt-scale deployment, and standardized cybersecurity protocols to fully harness the EQZS converter’s potential in decarbonizing transportation infrastructure. This technology stands as a cornerstone for sustainable mobility, linking renewable energy intermittency with the escalating demands of high-power EV charging.
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