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1 Introduction 

1.1 Background 
Most modern electronic devices in residential, commercial, and industrial environments 
ultimately operate on Direct Current (DC). However, because our electricity distribution 
is predominantly Alternating Current (AC), nearly all devices must include power 
conversion stages. For instance, a laptop battery requires only 15–22 V DC, while the 
rectified single-phase AC grid produces around 310–325 V DC. Thus, chargers and 
adapters must first rectify AC to a constant high-voltage DC through an AC–DC converter 
and then step it down to the required lower voltage via a DC–DC stage. As shown in 
Figure 1.1(a), this approach is applied across common devices such as laptops, phones, 
televisions, personal computers, and lighting systems, reflecting the legacy of AC 
dominance. Yet it also highlights inefficiency, since most devices and increasingly many 
sources are fundamentally DC. This raises an important question: is it still reasonable to 
rely on redundant AC conversion stages, or should direct DC distribution be reconsidered? 

This issue is not new but rather a continuation of the historical “war of currents” 
between Edison, who promoted DC, and Tesla/Westinghouse, who established AC as the 
global standard. AC prevailed mainly because transformers made it easy to step voltages 
up and down, enabling long-distance transmission and widespread adoption. For more 
than a century, this technical advantage has entrenched AC grids. However, the energy 
landscape is changing [1], [2]. A growing share of renewable energy sources, such as solar 
panels, batteries, and fuel cells, generate and store electricity in DC. As their deployment 
expands, the case for DC microgrids (DCMGs) grows stronger. In such systems, devices 
connect to a common DC bus [3], [4], eliminating unnecessary AC–DC–AC conversions. 
Compared to traditional AC distribution, DCMGs promise higher efficiency, improved 
reliability, freedom from harmonics, and simpler control because synchronization is 
unnecessary. Figure 1.1(b) shows an example of the possible DCMG architecture 
addressed in [5]–[8]. 

Figure 1.1(a) Traditional AC distribution system, (b) considered energy transmission system based 
on common DC bus [PAPER-V]. 

Despite these advantages, AC grids remain dominant largely because no universal 
standards exist for DC distribution. Researchers and industry stakeholders are actively 
investigating suitable voltage levels for low-voltage DC systems. A voltage of around 326 V 
DC is often considered optimal, as it corresponds to the peak of a rectified single-phase 
AC voltage and can be used with existing cabling infrastructure [9]. Alternative proposals 
suggest 350 V for low-power systems and up to 700 V for higher-power applications  
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[10], while some studies recommend a 350–380 V range as a possible standard.  
The establishment of consistent voltage standards is crucial to enabling DC-ready devices 
and widespread adoption. Meanwhile, comparisons between AC and DC distribution at 
higher scales show that High-Voltage DC (HVDC) transmission can outperform  
high-voltage AC in terms of efficiency and stability, further reinforcing the relevance of 
DC technologies [11]–[13]. 

One of the main technical challenges of DC distribution lies in protection. In AC 
systems, conventional breakers interrupt faults by exploiting current zero-crossings, with 
clearing times of about 80 ms [14]. In DC systems, however, the voltage does not fall to 
zero, making fault interruption more difficult. This limitation renders AC breakers 
unsuitable for DC applications. Alternatives such as solid-state relays (SSRs) or hybrid 
mechanical breakers [15] are under development, aiming to deliver fast response times, 
low conduction losses, compact design, high reliability, and affordability [16]. Although 
several prototypes exist, the lack of mature and cost-effective DC breakers remains a 
major obstacle to deploying DC grids at scale [17], [18]. 

Given these challenges, an immediate transition from AC to DC is unlikely. Instead,  
the near future is expected to feature hybrid systems where AC and DC coexist [19], [20]. 
Such hybridization could be especially valuable in regions with limited or aging AC 
infrastructure, where introducing DC from the outset may be more practical, as well as 
in advanced economies where DC integration can enhance the efficiency of existing 
systems. A promising enabler of this transition is the concept of dual-purpose converters, 
devices capable of operating with both AC and DC inputs [21]. These converters provide 
flexibility to consumers and investors, allowing devices to operate seamlessly during the 
gradual adoption of DC grids [22]. In this way, dual-purpose converters act as bridging 
technologies, smoothing the transition from today’s AC-dominated landscape toward a 
more efficient, reliable, and adaptable energy future where DC plays a central role [23]. 

1.2 Motivation of the Thesis  
Hybrid inverters are widely recognized as a flexible solution for combining solar energy, 
storage, and grid interfaces. Their typical structure, shown in Figure 1.2, includes solar 
terminals, a grid-connected Voltage Source Inverter (VSI), a buck–boost stage that 
performs Maximum Power Point Tracking (MPPT), and a common DC link. Commercial 
designs also feature backup terminals for uninterrupted operation during grid outages. 
Batteries can be connected either directly to the DC link or through an additional 
interface converter integrated within the Energy Storage System (ESS). For example,  
the Huawei SUN2000-5KTL-L1 employs a direct connection, offering simplicity and lower 
cost, but limiting compatibility to specific battery types and voltages. Conversely,  
the Fronius SYMO Hybrid 5.0-3-S uses an external ESS with its own interface converter, 
providing flexibility at the expense of higher cost. Other products, such as the Sungrow 
SH5K-30, integrate an isolated battery interface converter, allowing higher voltage  
step-up capability. More complex variants also exist, including structures where the 
battery interface is tied to the solar panel terminals, extending design versatility [PAPER-
III]. 

In addition to inverters, hybrid microconverters have been developed for lower-voltage 
applications, typically handling a single solar panel in the 10–60 V range with a low-voltage 
battery. While hybrid microconverters are attractive for residential use, several studies 
have reported limitations, particularly battery overheating in tightly coupled designs 
[24], [25]. Despite these challenges, hybrid topologies demonstrate the adaptability of 
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power electronics in matching various system requirements and highlight the ongoing 
effort to balance cost, performance, and reliability across different scales of application 
[27], [28]. 

 
Figure 1.2 Typical structure of the hybrid solar inverter [PAPER-III]. 

On the other hand, the growing adoption of DC microgrids has accelerated the 
demand for converters that can seamlessly interface with both AC and DC distribution 
systems. We expect that many solar converters operating with AC grid will be forced to 
reconnect to DC grid by economic incentives.  

Many hybrid converters are therefore designed with dedicated terminals for each bus 
[PAPER-III]. However, such designs is not intended for operation with DC microgrid. 

 
Figure 1.3 Motivation and concept demonstration of the universal solar microconverter: (a) DC–DC 
microconverter and DC–AC microinverter as independent solutions. (b) Universal single-phase solar 
DC–DC/AC microconverter [PAPER-I].  

To address these limitations, universal converters have been introduced. A universal 
converter minimizes redundancy by employing a shared control, protection, and 
conversion unit that automatically detects whether the device is connected to an AC or 
DC grid depicted in Figure 1.3(a). For instance, in a modern building with DC sockets,  
the device could operate in DC–DC mode, while in traditional installations it could 
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function as an AC–DC converter. The universal solar converter (Figure 1.3(b)) therefore 
provides a cost-effective and flexible platform capable of serving both environments with 
minimal complexity. Moreover, such converters can be designed as bidirectional devices, 
enabling integration of PV, storage, and grid simultaneously.  

This research direction underpins ongoing work at the Power Electronics Group of 
Tallinn University of Technology, supported by the PRG675 project “New Generation of 
High-Performance Power Electronic Converters Simultaneously Applicable for DC and AC 
Grids with Extended Functionalities”. The aim is to develop universal solar microconverter 
that minimizes redundancy, lowers costs, and extends functionality, thereby offering a 
practical solution for future residential AC/DC systems. 

1.3 Concept of a Cost-Effective Universal DC–DC/AC Solar 
Microconverter  
In terms of power processing architecture, microconverter topologies can generally be 
categorized into single-stage and double-stage configurations. Furthermore, based on 
the presence or absence of galvanic isolation, they can be classified as either isolated or 
non-isolated [29], [30]. Single-stage configurations are particularly advantageous as they 
improve overall conversion efficiency while reducing component count and system cost. 
Additionally, the integration of an unfolding circuit operating at low switching frequencies 
significantly reduces switching power losses compared to conventional solutions. 
Despite these benefits, one of the major challenges in microconverter design is achieving 
a high voltage gain, which has been the focus of numerous recent studies [31]–[34]. 

Table 1.1 Microinverter market overview. 

Manufacturer Peak AC Power 
(VA / W) MPPT Voltage (V)  

Efficiency % 
Cost 

Max EU 

Enphase (IQ7 series) 

250  27 - 37 

98 97 $$$$ 295  27 - 45 

320  53 - 67 

Enphase (IQ8 series) 

240  27 - 37 

98 97 $$$$ 

290  29 - 45 

325  33 - 45 

349  36 - 45 

380 38 - 45 

AP systems Dual 
microinverter (DS3) 625 - 960  28 - 45 96.5 96 $$$ 

Sungrow (S450S) 450  16 - 60 96.2 95.4 $$$ 

Hoymiles (HMS series) 450  16 - 60 96.7 96 $$$ 

ZJ Beny (BYM series) 500 - 700  24 - 50 97.5 97 $$$ 

Envertech (EVT series) 360  22 - 48 96 95 $$$ 
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Flyback transformer-based topologies are widely adopted by leading manufacturers 
[35]–[37] due to their simplicity, galvanic isolation, and low component count. However, 
they typically suffer from leakage inductance in the transformer or coupled inductor, 
which increases voltage stress on the high-frequency (HF) switch. Mitigating this stress 
often requires additional circuitry, such as snubber networks, which adds complexity and 
cost. In contrast, transformerless topologies remove bulky isolation components but 
create leakage current paths through parasitic capacitance between the PV module and 
the grid. These paths must be carefully managed to comply with safety standards [38]. 

The microinverter market features a diverse range of offerings, as shown in Table 1.1, 
with key players including Enphase, AP Systems, Sungrow, Hoymiles, ZJ Beny, and 
Envertech [39]. Enphase leads with high-efficiency models reaching up to 98%, while 
other manufacturers provide more cost-effective alternatives with slightly lower 
efficiencies. This diversity highlights the trade-offs between efficiency, power output, 
and cost, underscoring the need for ongoing innovation in microinverter research and 
commercialisation.  

Market efforts have primarily focused on flyback, interleaved flyback, and  
H-bridge-derived topologies. Consequently, a gap remains in providing a cost-effective, 
efficient, and flexible solution, one that this research aims to address through a  
non-isolated, dual-purpose microconverter architecture. 

1.4 Aims, Hypothesis, and Research Tasks 
The main aim of this PhD research is to develop and experimentally validate universal 
cost-effective microconverter architecture. The proposed solutions aim to facilitate the 
global transition from conventional AC-only infrastructures toward hybrid DC/AC 
microgrids. This work investigates the effectiveness of PV-side passive decoupling 
techniques, especially using unfolding circuits, as a cost-effective and scalable alternative 
to traditional DC-link and active decoupling methods. By integrating synergetic  
closed-loop control strategies with single-stage power conversion, the converter design 
minimizes circuit complexity and component count while maintaining high conversion 
efficiency and reliable performance across a wide voltage range (15–70 V input, up to 
350 V output).  

A key goal is to demonstrate that non-isolated and isolated converter topologies can 
be designed as a universal microconverter, including a proposed forward-based  
non-isolated structure, that can deliver competitive efficiency and eliminate leakage 
current issues often found in conventional flyback-based designs. The final outcome of 
this research is to develop and test three TRL4 prototypes, including single-stage and  
double-stage interleaved flyback-based and non-isolated forward-based microconverters, 
validated under AC grid conditions and a virtual DC grid, proving the system’s feasibility, 
modularity, and readiness for mass production. 

Hypotheses: 
1. Modified forward-based converter may offer cost effectiveness and acceptable 

efficiency for applications requiring a wide input range of 15–70 V. 
2. The proposed modified forward-based converter can eliminate the Leakage 

inductance issue of the transformer. 
3. The proposed closed-loop synergetic control strategy may provide benefits by 

utilizing single-stage operation across a wider voltage range. 
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Research tasks: 
1. Overview of the existed solar converters.  
2. Design, Simulation and Experimental comparison of new topological DC-DC solutions 

as an integrated part of the universal solar microconverter.  
3. Optimisation of the proposed solution in terms of universal applicability taking into 

account switches, magnetics and switching frequency.  
4. Advanced control method development directed for dual-purpose operation.  
5. Design of the experimental setup and experimental verification of the universal 

microconverter simultaneously applicable for AC and DC grids. 

1.5 Research Methods 
The research methodology adopted in this thesis combines mathematical analysis, 
computer-based simulations, and experimental validation. Newly proposed topologies 
and circuits are examined through Steady-State Analysis (SSA) and transient analysis 
using functional methods such as Laplace and Fourier transforms. To investigate the 
performance characteristics of the proposed topologies and control strategies, both 
dynamic and static models, including versions accounting for component losses, are 
developed. Simulations and prototype design are conducted primarily using MATLAB, 
Altium Designer, and PSIM, all accessible at Tallinn University of Technology (TalTech). 
Experimental validation of theoretical predictions is carried out using small-scale 
laboratory prototypes of the new topologies, circuits, and unconventional configurations. 
The Power Electronics Research Laboratory at TalTech provides state-of-the-art  
facilities including digital oscilloscopes, function generators, solar array simulators, 
power/efficiency analyzers, microcontroller development platforms, PCB prototyping 
and assembly tools supporting both hardware and software development. 

1.6 Contributions and Disseminations 
The results of the research are published via scientific publications, conferences, 
symposiums, doctoral schools, and presentations. During PhD studies, the author 
contributed to 11 publications. Among them, five papers were published in peer-reviewed 
international journals. The remaining papers were reported at international IEEE 
conferences. The dissertation is based on seven main scientific publications, including 
four journals and three conference papers presented at three IEEE international 
conferences.  

Scientific novelties: 
• Classification of hybrid converter topologies based on functional structure, isolation 

level, and integration potential for PV-plus-storage systems. 
• Design and realization of an isolated buck-boost converter topology capable of  

ultra-wide voltage regulation for renewable energy integration with galvanic 
isolation. 

• Synthesis of synergetic closed-loop control strategies for single-stage DC–DC/AC 
microconverter. 

• Design and implementation of a non-isolated modified forward-based microconverter 
that eliminates leakage current in the transformer. 

• Comprehensive comparative analysis of PV-side passive decoupling versus 
conventional DC-link decoupling, including experimental validation, component 
stress modelling, and system-level cost implications. 
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Practical novelties: 
• Development of a dual-mode microconverter with shared terminals for AC and DC 

outputs, offering seamless integration into hybrid microgrids with minimal hardware 
redundancy.  

• Reduction of system cost and size by replacing active decoupling and bulky 
electrolytic DC-link capacitors with PV-side passive decoupling and low-frequency 
unfolding circuits. 

• Experimental validation of synergetic control for ac microgrid toward the limitation 
of the proposed solution for single-stage operation in ac microgrid.  

• Experimental validation of proposed non-isolated forward-based and interleaved 
flyback-based microconverters. 

• Cost-effective design by considering BOM-level cost analysis for the proposed 
converter families, enabling scalable production for residential and industrial PV 
systems. 

1.7 Experimental Setup and Instruments 
The experimental setup was assembled in the Power Electronics Laboratory at Tallinn 
University of Technology. The laboratory workspace is illustrated in Figure 1.4(a).  
A Tektronix oscilloscope was employed to capture voltage and current waveforms  
across the passive components. For precise measurements, Tektronix P5205A and 
TCP0030A probes were used for voltage and current, respectively. The STM32CubeIDE 
development environment facilitated programming of the STM32 microcontroller from 
STMicroelectronics NV. 

 
Figure 1.4(a) Laboratory Workspace, (b) DC and AC Grid Simulators with Supporting Equipment. 

For efficiency measurements, a Yokogawa WT1800 power analyzer was utilized, with 
the WTViewer software enabling remote monitoring and data acquisition. A Chroma 
62150H-1000S solar simulator served as the input voltage source for the experimental 
prototype, while a bidirectional power supply was used to emulate a DC grid. For  
grid-connected operation, an autotransformer was employed to replicate the AC grid,  
as shown in Figure 1.4(b). This setup allowed comprehensive testing and validation of 
the proposed microconverter under realistic operating conditions. 

(b)
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1.8 Thesis Outline 
This thesis presents a comprehensive study of a cost-effective, universal DC–DC/AC solar 
microconverter, addressing design, analysis, control, and experimental validation. 
Chapter 2 focuses on DC–DC converter topologies suitable for renewable energy 
applications, including isolated buck–boost and forward-based non-isolated designs. 
These topologies are analyzed for wide voltage regulation, efficiency, and leakage 
inductance mitigation, with experimental results demonstrating performance 
improvements.  

Chapter 3 evaluates passive decoupling strategies, comparing PV-side decoupling with 
conventional DC-link approaches through theoretical modelling, simulations, and 
experimental validation, providing insights into efficiency, cost, and voltage stability. 
Chapter 4 develops closed-loop and synergetic control strategies for the universal 
microconverter, covering both DC and AC microgrid modes. Power loss evaluation, 
experimental validation, and comparisons with interleaved single-stage flyback 
topologies demonstrate enhanced efficiency, reduced cost, and operational stability.  

Chapter 5 summarizes the main findings, highlighting the versatility, cost-effectiveness, 
and high performance of the proposed microconverter. The thesis concludes by 
discussing future research directions, including the integration of wide-bandgap 
semiconductors, scaling to higher power levels, and potential applications in residential 
and small-scale renewable energy systems. Overall, the thesis provides a structured 
exploration of a universal microconverter system from theoretical development to 
practical implementation and experimental validation. 
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2 DC–DC Converter Topologies for Renewable Energy 
Applications 
A primary challenge in photovoltaic microconverter design lies in achieving both high 
step-up conversion ratios and a wide voltage regulation range to accommodate varying 
MPPT characteristics across different PV panel technologies. Recent advancements in 
DC-DC converter design have yielded significant progress in attaining high voltage  
gains through both isolated and non-isolated topologies [40], [29]. For non-isolated 
configurations, several enhanced conversion techniques have been developed, including 
coupled inductor implementations, multi-stage cascaded architectures, switched-capacitor 
networks, switched-inductor circuits, and voltage multiplier configurations [41]–[46]. 
Among these solutions, galvanically isolated DC–DC converters offer particularly promising 
advantages by providing essential electrical separation between power source and load 
while handling substantial voltage fluctuations. These isolated topologies exhibit 
superior power utilization efficiency, demonstrate robust performance across diverse 
load conditions, and support operation with wide input voltage ranges, which are critical 
features for PV applications. The established isolated converter architectures are 
primarily categorized as either Voltage-Fed (VF) or Current-Fed (CF) topologies. 

Current-fed (CF) DC–DC converters present multiple beneficial features, such as 
diminished input current ripple, decreased transformer turns ratio requirements, 
enhanced conversion efficiency, reduced voltage stress on rectifier diodes, and 
elimination of shoot-through issues in power switching devices [47]–[49]. Additionally, 
another isolated topology exists known as the Impedance Source (IS) converter, which 
effectively combines attributes of both voltage-fed (VF) and current-fed configurations, 
enabling it to inherit advantageous characteristics from each type [50]. For clearer 
comparison, the technical specifications of these three converter categories have been 
systematically evaluated and presented in Table 2.1.  

Isolated high-step-up DC–DC converters include passive and active clamp types. 
Passive clamp converters use few switches but suffer from hard-switching losses [51]. 
Active clamp variants (push-pull, half-bridge, full-bridge) enable ZVS turn-on and prevent 
voltage spikes, yet face efficiency and cost challenges in low-power applications due to 
complex driving circuits [52], [53]. Resonant bridge converters achieve soft switching via 
parasitic elements, eliminating clamp circuits, but risk transformer DC-offset currents 
that increase size. 

Table 2.1 Main Features comparison of VF, CI and IS converters. 

Feature VF CI IS 

Voltage step-up No Yes Yes 

Voltage step-down Yes No Yes 

Short-circuit exemption No Yes Yes 

Open-circuit exemption Yes No Yes 

Element for storing energy One capacitor One inductor At a minimum, one 
capacitor and one inductor 

Cascading capability of energy elements No No Yes 

Simplicity in control Simple Complex Moderate 
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High Step-up dc-dc converters

Non-isolatedIsolated

• Flyback 
• Isolated SEPIC

• Boost
• Buck
• Cuk
• SEPIC
• Zeta
• Buck-boost

Coupled Inductor 
Based

Transformer 
Based

• Forward 
• Push-Pull
• Half-bridge
• Full-bridge
• Resonant

Hard Switches

Passive 
Snubber

Active 
Snubber

Soft Switches

• Non-dissipative 
Snubber

• Dissipative Snubber

Figure 2.1 Topological Classification of High Step-Up DC–DC Converters. 

Figure 2.1 displays the classification of high step-up DC–DC converters into isolated 
and non-isolated categories. Non-isolated designs incorporate coupled-inductor topologies 
(Flyback, isolated SEPIC), while isolated versions employ transformer-based configurations 
including forward, push-pull, voltage-fed half/full-bridge, current-fed half/full-bridge, 
and resonant half/full-bridge. Table 2.2 compares advantages and limitations of these 
conventional isolated high step-up converters. 

Table 2.2 Comparison of Conventional Isolated converters. 

Topology Advantages Disadvantages 

Flyback 
Simple design and low cost. 

Suitable for low to moderate power 
applications 

Limited power handling capability 
High peak currents and voltage stresses 

Isolated 
SEPIC 

Dual voltage regulation: step-up and 
step-down capabilities. 

Reduced input current ripple 

Complex control and higher component count 
Limited for high power applications 

Forward High efficiency 
Good for high power applications 

Limited voltage regulation range. 
Requires tight control for reliable operation 

Push-pull High-frequency operation capability 
Good for high power applications 

Complex control and higher component count 
Transformer design can be challenging 

Half-bridge 
Moderate complexity. 

Suitable for a wide range of power 
applications 

Requires careful control to avoid voltage spikes 
Limited for very low or very high power 

Full-bridge High efficiency. 
Suitable for high-power applications 

Complex control and higher component count 
Not ideal for low-power applications 

Resonant 
Reduced electromagnetic interference 

(EMI) 
Improved reliability due to soft switching 

Complex control and higher cost 
High current stress through the semiconductor devices 
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2.1 Comparison Methodology Based on Fundamental Waveform of the 
Converter 
A converter’s basic waveforms derive from its modulation scheme rather than 
component choices or electrical parameters (like switching frequency or semiconductor 
selection), establishing fundamental design criteria. These universal requirements 
involve sizing passive components to maintain consistent current ripple through 
inductors and uniform voltage ripple across capacitors, independent of specific 
implementation details. The volume of a core of the inductor as well as the volume of 
capacitor can be estimated based on its maximum accumulated energy: 

   2

1

ˆ ,
LN

L i Li
i

Vol L i
=

≅ ⋅∑  2

1

ˆ ,
CN

C i Ci
i

Vol C v
=

≅ ⋅∑  (2.1) 

where Li and Ci are values of i inductance and capacitor, NL is number of inductors and 

NC is number of capacitors. L̂ii  is a peak inductor current and ˆCiv is a peak of capacitor 
voltage. 

Furthermore, semiconductor-independent relative switching and conduction losses 
can be introduced. The relative conduction losses are proportional to the square of the 
switch current. As a result, total conduction losses may be expressed to the following 
scaling relationship: 
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where Sii  is RMS switch current, NS is a number of switches.  
When current ripple is neglected, the hard switching losses depend on both the 

semiconductor voltage vSi and semiconductor current iSi. The time-averaged product of 
vSi ·and iSi across one fundamental period T provides an effective switching loss metric: 
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Table 2.3 outlines the comparative design parameters for all converters. The evaluation 
methodology, applied to the topologies in Figure 2.2, assesses critical metrics including: 
• Capacitor Volume  
• Magnetic size 
• Voltage stress on primary-side switches 
• Conduction losses in primary-side semiconductors 
• Switching losses 
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Table 2.3 Key design parameters for converters comparison. 

Parameters Value 

Input voltage range (Vin) 20 V – 60 V 

Output voltage (Vo) 350 V 

Maximum rated power (Po) 400 W 

Switching frequency 50 kHz 

Maximum input current 10 A 

Maximum input current ripple  15 % 

Maximum voltage ripple of capacitors 3 % 

 
Figure 2.2 Several isolated high step-up DC–DC converters for DC microgrid applications, (a) Flyback-
based converter [54], (b) Forward-based converter [55], (c) Push-pull based converter [56], (d) Half-
bridge based converter [57], (e) Current-fed FB with clamp capacitor [58], and (f) Current-fed resonant 
converter [59] [PAPER-IV]. 

 
Figure 2.3 Overall comparison of the isolated converters from each family based on key parameters 
[PAPER-IV]. 

The isolated converter topologies shown in Figure 2.2 were systematically compared 
using the specified comparative methodology, with the comparative analysis results 
presented in Figure 2.3. 
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Figure 2.3 presents the individual performance comparison of each converter. This 
analysis was conducted under specific operating conditions: an output power of 400 W, 
an input voltage range of 20–50 V, a fixed switching frequency of 50 kHz, and a constant 
output voltage of 350 V. To maintain comparability, all converters were evaluated with 
identical output power and consistent dynamic switch configurations. 

2.2 A Novel Isolated Buck-Boost DC–DC Converter with a Wide Range 
of Voltage Regulations  
The conventional current-fed push-pull converter offers advantages including high 
voltage gain, low input current ripple, and reduced switch conduction losses [60]. 
However, it suffers from significant drawbacks: voltage spikes caused by transformer 
leakage inductance, high voltage stress, reverse-recovery issues, limited efficiency, and 
a narrow input-voltage operating range (requiring duty ratios > 0.5). Recent improvements 
have addressed these limitations, particularly through ZVS clamping-mode current-fed 
push-pull converters. These modified topologies employ active-clamp circuits to suppress 
switch voltage surges and recover leakage inductance energy. Additionally, they operate 
at duty ratios below 0.5, enabling wider input-voltage ranges. While ZVS operation is 
achieved, its efficiency improvement is marginal at low input voltages due to insufficient 
energy storage in switch output capacitances [PAPER-VI]. 

The developed isolated buck-boost DC–DC converter (Figure 2.4(a)) presents an 
improved solution featuring three key advantages: (1) zero-voltage-switching operation, 
(2) complete galvanic isolation between input and output ports, and (3) an exceptionally 
wide voltage regulation range. This topology achieves unique operational flexibility by 
functioning in buck, boost, and buck-boost modes through controlled gate signal 
modulation. Such wide operational capability (0–60 V input to fixed 350 V output) makes 
it particularly suitable for grid-connected photovoltaic microconverter applications.  

As demonstrated in Figure 2.4(b), the converter automatically transitions between 
operating modes based on input voltage variations while maintaining constant DC-link 
voltage. The circuit architecture consists of a three-winding transformer (turn ratio n) 
with six power switches and three capacitors on the primary side, combined with two 
diodes and three capacitors on the secondary side. This configuration preserves the 
electrical benefits of conventional converters while overcoming their limitations through 
intelligent mode-switching capability and optimized component arrangement, particularly 
addressing the requirements of renewable energy systems with wide input voltage 
variations. 

 
Figure 2.4(a) Circuit topology of the proposed converter, (b) Operation range of the proposed 
converter [PAPER-VI]. 
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The available operation modes are determined by the switching states of S₁–S₅, where 
switch pairs (S₁/S₂, S₃/S₄, and S₅/S₆) operate in complementary fashion. Proper switching 
coordination enables buck, buck-boost, and boost operational capabilities, as detailed in 
Table 2.4, which also specifies the ZVS conditions. Notably, boost mode operation occurs 
when gate signal overlapping exists between S₃ and S₅, while ZVS operation is maintained 
across all modes. This switching strategy ensures soft-switching performance throughout 
the converter’s entire operational range. 

Figure 2.5 shows all switching states (Buck, Buck-Boost, Boost) of the proposed 
converter. A fixed 180° phase shift between S₃/S₄ gate signals ensures consistent switching 
dynamics. This controlled phase relationship enables full performance evaluation across 
operational modes while maintaining ZVS conditions. 

Table 2.4 Switching table of proposed converter.  

Mode  Voltage gain S1 S2 S3 S4 S5 S6 state ZVS condition 

Buck 

 
2nDBuck 

ON OFF ON OFF OFF ON c  
For D>0.5 OFF ON ON OFF OFF ON e 

OFF ON OFF ON ON OFF d 

Buck-Boost 

 
nDBB

1 − DBB
 

ON OFF ON OFF OFF ON c  
For D>0.5 ON OFF ON OFF ON OFF a 

OFF ON OFF ON ON OFF d 

Boost 

 
1

1 − DBoost
 

ON OFF ON OFF ON OFF a  
For 0<D<1 ON OFF ON OFF OFF ON c 

ON OFF OFF ON ON OFF b 

The proposed converter circuit is simulated in PSIM software incorporating practical 
models for diodes and MOSFETs. Design parameters calculated from equations in 
[PAPER-VI]. The converter operates with an input voltage range of 10–60 V, delivering a 
regulated 350 V output through a 7:1 turn-ratio transformer. Key parameters include: 
100 µH inductance, 200 µF output capacitance, and 132.5 Ω load resistance. The 25 kHz 
switching frequency enables efficient power conversion while maintaining ZVS  
operation across all modes (buck/boost/buck-boost). Simulation results for the novel 
isolated buck-boost topology are presented in Figure 2.6, showing operation in (a) Boost,  
(b) Buck-Boost, and (c) Buck modes. 
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Figure 2.5 Circuit topology of the proposed converter [PAPER-VI]. 

 

 
Figure 2.6 Simulation results. (a) Boost mode. (b) Buck-Boost mode. (c) Buck mode [PAPER-VI]. 
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To demonstrate the wide operational range of the proposed topology, the input voltage 
was varied between 15 V, 40 V, and 55 V while maintaining a constant 350 V output.  
The required regulation was achieved using duty cycles of 0.7 (Boost), 0.55 (Buck-Boost), 
and 0.45 (Buck). Figure 2.6 confirms the stable 350 V output across all input voltages. 
Additionally, the inductor current (L₁) in each mode validates continuous conduction 
mode (CCM) operation ZVS is achieved for diodes D₁ and D₂ as well as switches S₃ and S₅. 
The voltage waveform across the tertiary winding of the transformer further corroborates 
the state equations derived earlier, confirming the theoretical analysis. 

2.3 Forward-Based DC–DC Converter with Eliminated Leakage 
Inductance Problem  
The flyback DC–DC converter remains the most prevalent isolated topology due to its 
structural simplicity, minimal component count, and widespread industrial adoption. 
Recent advancements in flyback derivatives have enhanced performance characteristics, 
including hybrid boost-flyback configurations that employ diodes to transfer primary-side 
magnetizing energy directly to the output enabling step-down voltage conversion. 
Comparatively, conventional forward converters incorporate additional buck cells and 
clamp circuits to achieve similar isolation while addressing inherent limitations of flyback 
architectures. Both topologies serve as foundational solutions, with modern variants 
progressively improving efficiency and operational flexibility [PAPER-V]. 

Hybrid forward-flyback converters [61]–[64] present an innovative solution by 
merging both topologies’ advantages, achieving ZVS and reduced input current ripple. 
This architecture replaces the forward converter’s input clamp circuit with a flyback cell, 
redirecting energy to the output rather than storing it in the input capacitor. Coupled 
inductor-based topologies offer another promising approach for PV applications, as 
comprehensively reviewed in [65]. Further developments integrate charge pump 
functionality through capacitors bridging the transformer windings or coupled inductors 
[66], [67], enabling energy transfer between primary and secondary sides. Among these, 
quasi-Z-source converters [50] are particularly suited for PV systems due to their 
inherent continuous input current characteristic, addressing a critical requirement for 
solar energy conversion. 

2.3.1 Leakage Inductance Issue 
The forward DC–DC converter provides key benefits such as single-switch operation, low 
cost, and high efficiency. Despite its widespread use, this topology suffers from a critical 
drawback: the transformer core requires reset when the switch turns off. Without proper 
energy diversion, the stored transformer energy induces damaging voltage spikes across 
the switch. Furthermore, parasitic components like leakage inductance exacerbate this 
issue, creating nonlinear behavior during operation.  

The leakage inductance’s stored energy remains unrecovered during the switch OFF 
state, causing high-frequency oscillations and severe drain-source voltage spikes. These 
effects necessitate switches with higher breakdown voltage ratings to withstand the 
transient overvoltage, ultimately increasing system cost and design complexity.  

A three-winding transformer offers one solution for core reset by enabling complete 
flux dissipation each switching cycle, preventing saturation (Figure 2.7(a)). Alternative 
approaches to mitigate switch voltage spikes include active clamp circuits (Figure 2.7(b)), 
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passive clamp topologies, and ZVS techniques, each addressing the reset challenge while 
optimizing efficiency and switch stress.  

However, as demonstrated in [68], leakage inductance directly impacts duty cycle 
requirements: higher leakage inductance necessitates an increased duty cycle to maintain 
the same output voltage. When the duty cycle approaches its maximum limit, the 
transformer’s winding ratio must be adjusted. These constraints alongside input voltage 
and power ranges are critical considerations in transformer design to ensure optimal 
converter performance. 

2.3.2 Proposed Forward-Based Non-Isolated Solution 
As illustrated in Figure 2.8, the proposed forward-based DC–DC topologies effectively 
resolve the transformer core reset issue by redirecting leakage inductance current 
through diode D₃ to the output capacitor cascade, eliminating primary-side circulation. 
These non-isolated configurations feature direct input-output ground connection, 
preventing leakage currents while removing the need for conventional input clamp 
circuits. Unlike standard forward converters, the additional diode D₃ facilitates magnetizing 
energy transfer to the output. 

 
Figure 2.7 Forward DC–DC converter: (a) with the third winding, (b) with an active clamp circuit 
[PAPER-V]. 

 
Figure 2.8 Proposed forward-based DC–DC converter as a solution for solar application [PAPER-V]. 
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single-switch design simplifies control systems, reduces hardware costs, and streamlines 
auxiliary circuits while remaining fully compatible with single-PV-panel integration and 
DC grid interconnection. 

The proposed topologies in Figure 2.8 differ primarily in the placement of capacitor 
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at startup by directly transferring input voltage to the output (Figure 2.8(a)), and (3) 
lower voltage stress on C₂ in the first topology due to its direct input-source connection. 
These modifications demonstrate how targeted capacitor placement can optimize both 
performance and cost-effectiveness in DC–DC converter design. 

The two topologies were compared using four presented criteria: total capacitor 
energy (EC), overall inductance energy (EL), semiconductor voltage stresses (VSTR) and the 
conduction losses (PCL). Figure 2.9 depicts the total energy of the capacitor with the same 
ripple factors for both topologies while the input capacitor was neglected. The analysis 
reveals that increasing C2 capacitance reduces the system’s total capacitive energy. 
Solution 1 (Figure 2.8(a)) achieves superior performance due to lower voltage stress from 
its input-source connection. With identical results for other criteria, solution 1 was selected 
for experimental validation as the optimal capacitor-efficient design. 

Figure 2.9 Total Capacitor Energy of Two Proposed Topologies for Different C2 Values vs. Input Voltage 
[PAPER-V]. 

Figure 2.10 Equivalent circuits of the proposed forward-based DC–DC converter: (a) active state, 
(b) zero state, (c) DCM of inductor current, (d) DCM of the primary current [PAPER-V].
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This section presents an analytical evaluation of the topology in Figure 2.8(a), with 
identical methodology applied to Figure 2.8(b). The converter’s operation comprises 
multiple modes: (1) linear Continuous Conduction Mode (CCM), characterized by 
uninterrupted inductor currents, and (2) Discontinuous Conduction Modes (DCM) for 
both the magnetizing inductor and forward-cell inductor L₁. Steady State Analysis (SSA) 
was employed to derive these operational characteristics, with supporting equivalent 
circuits detailed in Figure 2.10. The SSA approach systematically evaluates each mode’s 
voltage/current relationships while accounting for the converter’s unique forward-based 
architecture. 

When the switch S1 turns ON (Figure 2.10(a)), the transformer energizes the forward 
cell while the magnetizing inductor stores energy. Diode D₁ conducts during this state, 
while D₂ and D₃ remain off, enabling capacitor C₁ to charge and C₂ to discharge. At S₁  
turn-off, the magnetizing inductor’s current requires a conduction path, activating diode 
D₃. This transition ensures continuous energy transfer while preventing voltage spikes 
through controlled current diversion. 

The forward-based converter goes to a zero state. The diode D2 is conducted in the 
zero state, while D1 is OFF. The capacitor C1 is discharging and C2 is charging reversely by 
the magnetizing current. It is possible to express the output voltage of the proposed 
solution by analyzing active and zero states and writing Kirchhoff equations. The average 
value of the output voltage depends on a transformer turns ratio, duty cycle and the 
input voltage: 
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where vIN is the input voltage, N is the step-up ratio of the transformer (n2/n1), D is the 
value of the duty cycle. 

The average current of inductor L1 corresponds to the average output current.  
The magnetizing current IM is obtained by considering the input and the output current 
values:  
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D
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where IO is the average output current and IIN is the average value of the input current. 
The output voltage is composed of the voltages across capacitors C1, C2, along with 

the input voltage. The SSA analysis indicated that the average capacitor voltages vary and 
are influenced by the input voltage, duty cycle, and transformer turns ratio: 

   1C INV V N D= ⋅ ⋅ ,
2 1

IN
C

V D
V

D
⋅

=
−

. (2.6) 

Figure 2.11 illustrates that semiconductor voltage stresses rise with increasing input 
voltage, emphasizing the importance of selecting appropriate component voltage ratings 
The semiconductor stress values determine the selection of transistors and diodes with 
the required breakdown voltages. These stresses are defined in eq. (2.6). Nevertheless, 
the capacitor voltage ripples were not considered: 

  1 3 2S D IN CV V V V= = + , 1 2D CV V N= ⋅ , 2D INV V N= ⋅ . (2.7) 

Since the proposed DC–DC converter uses a transformer-based topology, the design 
process may begin with calculating the magnetizing inductor. The inductance value is 
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defined by transformer parameters such as the number of windings, absolute permeability, 
and core material; the ripple of the magnetizing inductor current is obtained during the 
TON interval and depends on the input voltage, duty cycle, switching period, and 
magnetizing inductance: 
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n A
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V
di D T
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where µef is an effective relative permeability of the material, µ0 is an absolute 
permeability of air or vacuum, n1 is the winding turns number of the primary side of the 
transformer, Aef is an effective cross-section area of the magnetic core, Lef is the effective 
magnetic path length, T is the period of switching. The nominal forward inductance value 
can be obtained by considering the time interval from 0 to DT, which represents the 
active state. The inductor selection also relies on the operating mode of the proposed 
converter. The inductance formula is given below:  
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where diL1 is the current ripple in the forward cell inductor. 
 

 
Figure 2.11 Voltage stress across semiconductors. 

The determination of the capacitor values is more complex due to their interconnection. 
From the equivalent circuits, it can be observed that the capacitor ripples are influenced 
by the current ix (Figure 2.9(a)) as well as by the output current: 
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The capacitor expressions can be derived in terms of the voltage ripples of each 
capacitor. Capacitor C2 may take a zero or arbitrary value, while capacitors C1 and C3 
depend on C2. The voltage ripple of capacitor C2 is always equal to the sum of the ripples 
of the other capacitors: 
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where dvC1, dvC2 and dvO are the ripples of the capacitors C1, C2, C3 correspondently. KC1 
and KO are ripple factors. 
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An alternative method for calculating the capacitor values is to transform the delta 
connection of C1, C2, C3 into a star connection. After performing the calculations,  
the results should be converted back into the delta form, making it possible to determine 
the required capacitor values. The capacitor formulas are presented below: 
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The output inductance serves to filter the output current. Its value is proportionally 
dependent on the voltage ripple of capacitor C3. The resulting expression for the output 
inductance is given as follows: 
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where vL2 is a voltage across inductor L2, vC3 is the voltage on the capacitor C3 with ripples, 
diO is the output current ripple. 

2.3.3 Experimental Results of Forward-Based Non-Isolated Solution 
Figure 2.12(a) and (c) show the experimental prototype of the proposed non-isolated 
common-grounded forward-based DC–DC converter with a volume of 157 × 112 × 47 mm 
and maximum input power of 450 W. The prototype consists of power, control, and 
auxiliary parts, as well as EMI filter, additional output filter, Wi-Fi module, and hardware 
protection. Main parameters, including passive components, electrical specifications, and 
transformer data, are listed in Table 2.5. The control unit is based on an STM32H503CBT6 
microcontroller, chosen for its low cost and sufficient timers and ADC channels.  
The converter operates from 15 V to 70 V input, with maximum input current of 11 A and 
output current of 1.3 A. Figure 2.12(b) shows the test setup used for measurements and 
debugging. The Tektronix MDO4034B-3 oscilloscope with isolated voltage and current 
probes was employed for accurate signal acquisition. STLink was used for MCU 
programming and debugging.  

 
Figure 2.12 Experimental prototype of the proposed forward-based DC–DC converter: (a) top view, 
(b) experimental setup, (c) bottom view [PAPER-V]. 
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The transformer core is ETD49-3C95 with 18 turns on the primary (0.04 mm × 2000 litz 
wire) and 98 turns on the secondary (0.1 mm × 45 litz wire). Windings were placed 
without overlapping to reduce parasitic capacitance, while the primary and secondary 
magnetizing inductances are 212 µH and 6.36 mH, respectively. 

Table 2.5 Parameters of the proposed converter.  

Table 2.6 Possible semiconductors for the proposed solution. 

Transistor/Diode 
Model  Designator I, A VBR, V RON or VF Price, € Eff., % 

IXFA80N25X3 S1 80 250 16 8.98 95.65 
IXFT120N25X3 S1 120 250 12 13.21 ↑0.1 
IXFT150N25X3 S1 150 250 9.0 24.3 ↑0.16 
UJ3C065030B3 S1 65 650 35 17.42 ↓0.22 
IDM02G120C5 D1, D2 14 1200 1.65 2.63 95.65 
C4D02120E D1, D2 10 1200 1.8 3.03 ↓0.05 
SBR20A300 D3 20 300 0.92 1.66 95.65 
C3D10065E D3 32 650 1.8 6.05 ↓0.3 
IPD95R450P7  DC-br. 14 950 0.45 2.27 95.65 
IPD80R280P7  DC-br. 17 800 0.28 2.64 ↑0.05 
IPB95R130PFD7 DC-br. 36.5 950 0.13 6.10 ↑0.1 

 

Parameter Value 
Input voltage range vIN 15-70 V 

Output voltage vo 350 V 

Max input power PINMAX 450 W 

Max input current iINMAX 11 A 

Max output current iOMAX 1.3 A 

Switching frequency fSW 65 kHz 

Input capacitor CIN 110 uF 

Forward cell capacitor C1 10 uF 

Clamp capacitor C2 3.3 uF 

Output capacitor C3 10 uF 

Secondary side capacitor Cx 2.5 nF 

Forward cell inductor L1 1000 uH 

Output inductor L2 100 uH 

Transformer core ETD49 

Core Material Grade 3C95 

Magnetizing inductor (pr) Lm 212 uH 

Leakage inductance of transformer (pr) Lk 27 uH 

Number of turns (pr) n1 18 

Number of turns (sec) n2 98 

Core airgap 400 um 
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Table 2.6 presents possible semiconductor parameters for the proposed converter. 
Several sets of devices were selected for the experimental prototype, with the first  
set based on the cheapest available components. For switch S1, the Si transistor 
IXFA80N25X3 has 16 mOhms of drain source resistor during the conducting state, and it 
is suitable for switch S1. The drain-source breakdown voltage of that transistor is 250 V. 
For diodes D1 and D2, the SiC Schottky diode IDM02G120C5 was used as a low-cost 
option, while diode SBR20A300 was selected for D3. The DC-breaker is implemented as 
a four-quadrant switch using two series-connected transistors, with MOSFET 
IPD95R450P7 selected for cost efficiency. In the second case, the selected semiconductor 
set was: S1 – IXFT150N25X3HV, D1 and D2 – IDM02G120C5, D3 – SBR20A300, and the  
DC-breaker – IPB95R130PFD7 (2 transistors). 

 
Figure 2.13 Experimental results of the proposed DC–DC converter under different input voltage 
and current various: (a) step change of the output current when the input voltage is 15V, (b) step 
change of the input voltage from 15 V to 70V, (c) step change of the input voltage from 70 V to 15 V, 
(d) step change of the output current when the input voltage is 70V, (e) step change of the input 
voltage from 40 V to 70V, (f) step change of the input voltage from 70 V to 40 V [PAPER-V]. 

The proposed converter was experimentally tested under both voltage and load step 
changes to evaluate its dynamic performance. The voltage steps were applied using a 
programmable DC power supply, while the load steps were generated through the 
control system. Figure 2.13 illustrates the corresponding experimental results. In Figure 
2.13(a), the output current undergoes a step change from 42 mA to 420 mA with a fixed 
input voltage of 15 V. Since the input voltage remains constant, the input current changes 
accordingly from 1 A to 10 A. Figures 2.13(b)–(c) present the results of input voltage steps 
from 15 V to 70 V and vice versa, while maintaining a constant output current of 420 mA 
at a regulated output voltage of 350 V. Figures 2.13(d)–(f) show the experimental 
waveforms under the same test conditions when the input voltage is set to 70 V. 
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Figure 2.14(a) Thermal image of switch S1 and diode D3, (b) Efficiency study versus input current 
under different input voltages and with different sets of semiconductors, (c) Thermal image of diode 
D1 and diode D2 [PAPER-V]. 

Figure 2.14(a) and (c) shows thermal images and efficiency results of the proposed 
converter. Thermal images of switch S1 and diode D3 and diodes D1 and D2 were obtained 
using a Fluke Ti10 thermal camera, showing temperatures around 80 °C. The converter’s 
efficiency depicted in Figure 2.14(b) is lower at low input voltages due to high input 
current and a large duty cycle. At 15 V input, the maximum efficiency is 90.55%, increasing 
with higher input voltage and reaching 95.85% at 70 V. Auxiliary losses are included in 
these measurements. 

2.4 Summary 
A comparative study of DC-DC converter topologies for renewable energy applications 
was carried out, focusing on performance, efficiency, and design feasibility. Several 
evaluation criteria were considered, with particular emphasis on the volume of passive 
elements, as this reflects the stored energies in inductors and capacitors and directly 
impacts converter cost, size, and dynamic response. A novel isolated buck-boost 
topology was developed, providing wide voltage regulation capability and achieving ZVS,  
which minimizes switching losses and improves efficiency. In addition, a forward-based  
non-isolated solution was proposed, addressing and effectively eliminating the leakage 
inductance issue typical of transformer-based converters. Both steady-state and transient 
analyses confirmed the design and stable operation. Experimental validation further 
demonstrated that the forward-based non-isolated solution is acceptable for low-power 
renewable applications and represents a strong candidate for practical deployment.  
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3 Comparative Analysis of Passive Decoupling Strategies 
In a single-phase connection, the power delivered to the grid varies over time, while the 
power drawn from the PV panel must remain constant. Therefore, energy storage 
elements, typically capacitors, are employed between the input and output to equalize 
or decouple the mismatch between the instantaneous input DC power and the output 
AC power [69]. Several power decoupling techniques have been proposed and analyzed, 
taking into account efficiency, the size of decoupling capacitors, cost, and control 
complexity [70]. The configurations used to decouple the mismatch power for both 
single-stage and double-stage systems are shown in Figure 3.1 

Based on the microinverter topology, decoupling methods can be either active, using 
an auxiliary circuit, or passive, and they can be placed on the PV side, DC-link side, or AC 
side (only active). Active decoupling schemes can extend the lifetime of a microinverter 
by replacing electrolytic capacitors with film capacitors. However, the auxiliary circuit 
introduces additional power losses, reducing overall efficiency. At the same time, smaller 
decoupling capacitors increase stress on the power devices, leading to higher losses and 
lower efficiency. Most commercial microinverters use electrolytic capacitors as energy 
storage for power decoupling, chosen for their high capacitance, cost-effectiveness,  
and ease of implementation. Nevertheless, this choice also limits the lifespan of the 
microinverter  [PAPER-V]. 

 

Figure 3.1 Decoupling the mismatch power between DC and AC powers [PAPER-II]. 

In recent years, numerous studies have focused on flyback-based microinverters due 
to their low cost, reduced component count, galvanic isolation, high step-up ratio, simple 
control with a single active switch, and overall reliability. However, a major limitation is 
the large size of the flyback transformer core for powers exceeding 200 W, which is often 
addressed using an interleaved approach. Many efforts have aimed to improve flyback 
microinverter performance through both control and topology modifications. For instance, 
hybrid boost-flyback or flyback microinverters have been proposed to repurpose leakage 
energy and mitigate voltage spikes on the main switch. A novel, cost-effective, non-intrusive, 
isolated method for current sensing in grid-tied flyback-based microinverters was 
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introduced in [71], while another study proposed a flyback converter with active clamping 
and an unfolder [72]. Senseless control techniques for flyback microinverters have also 
been developed, eliminating current sensors to reduce overall cost and measurement 
noise [73]. Stability analysis of flyback converters has been explored in [74]. Although 
most research focuses on Discontinuous Conduction Mode (DCM) operation, DCM can 
lead to higher current stress, lower efficiency, and increased transformer losses [75]. 
Furthermore, there are increased hysteresis losses on magnetic material devices in 
addition to the challenges mentioned [76]. 

In microinverters, passive decoupling can be implemented on either the primary side 
(PV side) or the secondary side (DC link side). For secondary-side decoupling, two-level 
H-bridge inverters are commonly used, while for primary-side decoupling, unfolding
circuits (pseudo DC link) are often adopted in industrial projects. Therefore, it is crucial 
to conduct a topological comparison of both configurations, considering energy stored 
in capacitors and inductors, as well as switching and conduction losses. Power losses 
associated with the main converter stage, including magnetic components, must also be 
evaluated for both H-bridge and unfolding-based microinverters. To ensure a fair 
comparison, an unfolding circuit can be used as a primary decoupling method to equalize 
the number of passive components between configurations, as illustrated in Figure 3.2. 
The unfolding bridge operates at line frequency to produce a rectified sinusoidal 
waveform at the DC link, while the H-bridge operates at high frequency and requires a 
bulky LCL filter to reduce harmonics and achieve low Total Harmonic Distortion (THD). 
Similar comparison methodologies between buck–boost and advanced H5, H6, and 
HERIC inverters are discussed in [77]. 

The results can be applied to any type of converter to evaluate the advantages of 
PV-side passive decoupling compared to DC-link-side decoupling. The flyback topology 
was chosen not for its topology-specific features, but to illustrate the decoupling approach 
itself. The topology selection is based on its wide applicability and common use. In the 
design process for both decoupling configurations, a fair comparison was ensured by 
using nearly identical components and thermal design, the same number of active and 
passive elements, and maintaining similar output current THD, which is critical for filter 
design. 

Figure 3.2 Flyback-based microinverter, (a) with a secondary side passive decoupling approach, and 
(b) with a PV side passive decoupling approach [PAPER-II]. 
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3.1 Design Procedure  
The flyback converter can operate in three modes: Continuous Conduction Mode (CCM), 
Discontinuous Conduction Mode (DCM), and Boundary or Critical Conduction Mode 
(BCM). Energy conversion is achieved by alternately switching the power transistor on 
and off, utilizing the transformer’s magnetizing inductance (LM). When the MOSFET 
switch is on, energy is stored in the magnetizing inductance; when the switch turns off, 
this energy is transferred to the load. In CCM, the switch is turned on before the 
secondary current reaches zero. Continuous mode allows higher power capability for a 
given peak current. For the same output power, peak currents in DCM are significantly 
higher than in CCM, necessitating a more expensive transistor with a higher current 
rating. Moreover, the higher secondary peak currents in DCM can produce larger transient 
voltage spikes during turn-off. 

Despite the challenges, the discontinuous mode remains more favored than the 
continuous mode for two main reasons. Firstly, the inherently smaller magnetizing 
inductance in DCM results in a faster response and a lower transient output voltage spike 
when there is a sudden change in load current or input voltage. Secondly, CCM introduces 
a right-half-plane zero in its transfer function, making the design of the feedback control 
circuit more complex. Keeping these considerations in mind, the CCM mode is employed 
for operation due to its higher power capability. The equation (3.1) is derived through 
the point that in a steady state the average voltage of Inductance in one period is equal 
to zero. D is the duty ratio, and n is the turning ratio of the flyback transformer. 
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In CCM operation mode the magnetizing inductance is calculated through replacing 
equations number (3.2) and (3.3) in ∆ILm/2<ILm. 
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The output instantaneous power, shown in Figure 3.1, consists of two components: 
the average output power (Vm.Im)/2, and the time-varying component, or pulsating 
power, (Vm.Imcos(2ωt))/2, which oscillates at twice the grid frequency. Here, ω is the grid 
frequency, Im and Vm are the amplitudes of the grid voltage and current, respectively.  
The pulsating power must be balanced using a decoupling capacitor. This capacitor is 
selected through the following equation, where 0 05C CV V∆ ≤ ⋅ × . Through this formula,  
the difference in voltage results in different decoupling capacitor sizes. 
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The output filter is a critical component in pulse-width modulation (PWM) converters. 
Although the THD level is similar in both topologies, the output filter and other passive 
components differ, which impacts overall cost and losses. In the H-bridge-based structure, 
the output filter must be relatively large to achieve an acceptable THD. In contrast, using 
the unfolding circuit instead of the H-bridge significantly reduces the required output 
filter size due to the lower harmonic content in the converter’s output voltage at the 
switching frequency. Cf is limited to decrease the capacitive reactive power at a rated 
load to less than the predetermined relative value ∆. 
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where P and vg are output power and voltage, respectively. 
In the unfolding case, the grid side inductance is calculated based on equation (3.7). 
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where ( )i swv h is the harmonic component of the converter output voltage at the 
switching frequency (fsw). 

In the case of H-bridge inverter, the following equation is used. 
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L is weighted inductance value, is equal to Lf1+Lf2. The resonance frequency should be 
selected based on 10 0.5grid RES swf f f< < . The design parameters are expressed in Table 3.1.  

Table 3.1 Design Target parameters. 

Parameter Value 

Input voltage (vin) Vin=10V – 60V 

MPPT voltage (VMPPT) 25V to 60V 

Maximum power  600W 

Flyback switches Switching frequency (fs) 40kHz 

H-bridge switches Switching frequency (fs) 65kHz 

Resonance frequency (fRES) 20kHz 

Maximum DC-link voltage 400V 

Grid frequency (fgrid) 50kHz 

Turns ratio (n) 6 

Considering the weighted inductance value, the converter side and grid side inductances 
can be calculated. 
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To calculate the relation index between the two inductances the equation (3.10) is 
used, where r is the relation index and is 0 < r < 1. 
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The snubber circuit components are designed as explained in [PAPER-II]. 
The spider diagram in Figure 3.3 illustrates the comparison between H-bridge and 

unfolding-based microinverters across various criteria. Compared to the H-bridge-based 
flyback microinverter, the unfolding-based flyback microinverter requires a larger 
decoupling capacitance because the lower primary-side voltage leads to more energy 
being stored in the capacitor. At the same time, the total energy stored in the 
inductances remains approximately the same.  

The larger coupled inductor required for the solution with the unfolding circuit is 
compensated by a smaller output filter. Due to the lower peak output voltage on the 
secondary side of the flyback transformer with the unfolding circuit, the voltage stress 
across switch S1 is slightly reduced. Additionally, the drain-source voltage of switches T1 to 
T4 switches equals the maximum grid voltage. In contrast, for the H-bridge configuration, 
this voltage corresponds to the full DC-link voltage. Additionally, the unfolding-based 
approach exhibits significantly lower secondary high-voltage stress because the bridge 
switches operate at a low frequency. Consequently, the secondary-side switching losses 
are greatly reduced. However, the primary-side switching losses, as well as conduction 
losses on both the primary and secondary sides, are higher. 

 
Figure 3.3 Comparison of H-bridge-based and unfolding-based flyback microinverters based on 
theoretical analysis [PAPER-II]. 
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Figure 3.4(a) laboratory-developed environment, (b) the unfolding-based flyback microinverter 
prototype, and (c) the prototype of the H-bridge-based flyback microinverter. 

3.2 Experimental Verification 
The unfolding-based flyback microinverter prototype, the laboratory test setup, and the 
H-bridge-based flyback microinverter prototype are shown in Figure 3.4(a), (b), and (c), 
respectively. Each prototype is implemented on a four-layer printed circuit board, 
incorporating the power stage, auxiliary circuitry, and control components. ETD59 and 
ETD49 cores are used for the interleaved flyback transformers in the primary and 
secondary side decoupling solutions, respectively. 

Passive RCD snubbers are employed to reduce the voltage stress on the primary-side 
switches of the flyback converters, which arises from the resonance between the MOSFET’s 
output capacitance, the leakage inductance, and the winding capacitance. Electrolytic 
capacitors are used as decoupling elements. 

Table 3.2 contains electrical specifications, the physical size of the prototypes and 
values of the passive components, as well as core materials and electrical details of the 
transformers used in the experimental setups.  
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Table 3.2 Electrical specification. 

Parameter / Specification 
Value / Type 

Primary side decoupling Secondary side decoupling 

Converter volume (mm^3) 197.48*152.29*31.2  187.92*111.45*24.9  

Transformer Core/ 
ETD59 / 100  ETD49 / 40  

 normalized core volume (mm^3) 
Magnetic inductance (uH) 60  

Leakage inductance (nH)  370  450  

Decoupling capacitor (uF) 6 * 2200  8 * 22  

Output filter Capacitance (uF) 1  

Output filter inductance (uH) Lf =220 Lf 1=680 Lf2 =180 

Secondary diode IDM05G120C5XTMA1 

Microcontroller STM32F334C6T6TR 
Flyback switches IPB044N15N5ATMA1 
Bridge switches STB28N65M2 C3M0120065J 

Snubber capacitor (nF) 10 
Snubber Diode MBR20H100CT 

Snubber Resistor (kΩ) 2.35 

Due to the line-frequency switching in the unfolding topology, conduction losses and 
the low turn-on resistance become key factors when selecting switches. The low RMS 
current allows for the use of a less expensive silicon-based switch, with only a minor 
reduction in the converter’s efficiency. This represents a trade-off between cost and 
efficiency. Additionally, because dynamic performance requirements are minimal, these 
transistors have a low overall figure of merit, making them relatively inexpensive. 

The control unit incorporates an ST microcontroller, STM32F334C6T6TR, which 
provides sufficient peripherals, including high-resolution timers and analog-to-digital 
converters A bootstrap circuit is implemented to reduce the number of power supplies 
required for the dual-output isolated drivers used in the bridge switches. However, this 
bootstrap cannot be used for a DC connection and low-side driver of the bridge must be 
supplied separately in such cases [78]. 

 
Figure 3.5(a) The unfolding-based flyback microinverter prototype. (b) Laboratory-developed 
environment. (c) The prototype of the H-bridge-based flyback microinverter [PAPER-II]. 
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3.2.1 Efficiency Study  
Both converters operate over an open-circuit voltage range of 25 V to 75 V and an MPPT 
voltage range of 25 V to 60 V. Figure 3.5(a) and (b) illustrate the desired operation of the 
primary-side and secondary-side decoupling-based flyback microinverters at an MPPT 
voltage point of 42 V and 8.7 A. 

The DC-link and input voltage oscillations are presented to illustrate the decoupling 
process and validate the control methods discussed in the previous section. Additionally, 
the grid voltage and the output of the flyback converter are plotted to highlight the 
differences between H-bridge and unfolding operations. In the primary-side decoupling 
approach, the flyback converter produces a rectified sinusoidal waveform, which is then 
shaped into a near-ideal sinusoid by the unfolding bridge operation. This unfolding circuit 
offers a practical advantage, as it operates at grid frequency, allowing for a significantly 
smaller output filter compared to the H-bridge configuration. 

Figure 3.6(a) and (c) show the thermal images of the unfolding-based and H-bridge-
based solutions, respectively, highlighting the hottest points during operation at a 
maximum output power of 600 W. Figure 3.6(b) presents the efficiency curves for varying 
input voltages at a constant input current of 9 A, measured using the Yokogawa WT1800E 
high-performance power analyzer. As expected, the efficiency of both solutions decreases 
at lower input voltages due to the higher input current and larger duty cycle. The maximum 
efficiency at an input voltage of 54 V reaches 91% for the secondary-side decoupling 
approach and 94.4% for the primary-side decoupling approach, with auxiliary losses 
included. 

Figure 3.6(a) Thermal image depicting the hottest points during operation in the maximum 600 W 
output power in unfolding case,(b)Efficiency study versus different input voltages under constant 
input current, and (c) Thermal image depicting the hottest points during operation in the maximum 
600 W output power in H bridge case [PAPER-II]. 

3.2.2 Cost Comparison  
Figure 3.7 presents a comprehensive comparison of component costs for different 
production quantities between H-bridge-based and unfolding-based flyback microinverters. 
For a more detailed cost breakdown, the individual component costs are provided in 
Table 3.3.  

The information presented in Table 3.3 and Figure 3.7 provides a detailed breakdown 
of the cost analysis, focusing on the number of semiconductor elements in the power 
circuit, including switches and diodes, as well as the quantity of capacitors, inductors, 
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and auxiliary components. It is important to note that auxiliary components such as those 
on driver boards, control circuits, auxiliary power supplies, and protective elements—
contribute a consistent cost across both converters. Additionally, the data in this figure 
is based on current component prices obtained from distributor webpages. 

As a classical cost function, the grid current serves as the main parameter for 
regulation. Simple differential equations can be employed to predict its behavior.  
A specific adjustment of the duty cycle is defined, where the new duty cycle value can be 
selected within a range of 0.5% to 3% around the open-loop voltage ratio. 

Upon examination of Figure 3.7, it is evident that the costs of capacitors, PCBs, and 
inductive elements in the H-bridge-based microinverter are relatively lower than in the 
Unfolding-based microinverter. Consequently, for a smaller number of assemblies, the 
overall cost of the H-bridge-based microinverter is somewhat more economical compared 
to its Unfolding-based counterpart. 

 

 
Figure 3.7 The cost graph of the H-bridge and Unfolding-based flyback microinverters for different 
numbers of assemblies [PAPER-II]. 

Table 3.3 Cost comparison of the Unfolding-based and H-bridge-based microinverters. 

Characteristic 
All components of the power circuit 

Price (€) Price (€) 
H-bridge-based  Unfolding-based  

No. assembly 1 10 100 1000 1 10 100 1000 
Capacitors 21 16 13 10 32 26 20 14 

Semiconductors 63 57 48 37 48 43 36 26 
Magnetics 24 22 17 12 27 24 19 14 

PCB 11 7 3 2 13 8 4 3 
Auxiliary Components 113 89 74 57 113 89 74 57 

Total Price 233 190 153 118 233 190 152 114 

It is essential to recognize that, although the total cost of the H-bridge-based 
microinverter may be lower for small production volumes, the cost of semiconductors 
which constitutes a substantial portion of the overall expense is reduced in the  
Unfolding-based microinverter. Moreover, at higher production volumes, the overall cost 
of the Unfolding-based microinverter becomes lower than that of the H-bridge-based 
design. By optimizing components such as PCBs and magnetic elements in future 
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iterations, the Unfolding-based microinverter has the potential to achieve a more  
cost-effective design. Coupled with reduced semiconductor expenses, this positions the 
Unfolding-based microinverter for a competitive pricing advantage. 

The chart in Figure 3.8 compares flyback-based microinverters employing primary- and 
secondary-side fundamental power decoupling approaches across key factors, including 
efficiency, size, and cost. Notably, the Unfolding-based approach demonstrates higher 
efficiency while maintaining nearly identical costs, making it particularly advantageous for 
large-scale production scenarios 

In terms of size, the use of a larger transformer and a relatively higher-capacitance 
decoupling capacitor in the unfolding-based microinverter results in a slightly increased 
physical footprint. Despite this, the primary-side decoupling approach offers a significant 
advantage: by employing low-voltage, high-capacity decoupling capacitors, it enhances 
both the lifetime and reliability of the microinverter. 

 
Figure 3.8 Comparison between the flyback-based microinverter  using primary and secondary side 
decoupling approaches in terms of cost, size and efficiency [PAPER-II]. 

3.3 Summary 
This chapter analyses flyback-based microinverters, comparing primary-side (PV) and 
secondary-side (DC-link) power decoupling. A fair comparative framework evaluated 
efficiency, cost, size, and performance. Experimental validation confirmed that  
primary-side decoupling enables a significant reduction in passive component size and 
cost while maintaining stability, making it ideal for compact, cost-sensitive designs. 
Secondary-side decoupling offers greater robustness across wider operating variations 
but requires larger, more expensive components. The study concludes that primary-side 
decoupling presents a superior trade-off for modern solar applications, favouring  
large-scale production. The presented design guidelines and comparative methodology 
are also applicable to other converter topologies for renewable energy integration. 
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4 Closed-Loop Control, Synergetic Control, and Experimental 
Validation of the Proposed Universal Microconverter  
This section presents a control concept for a universal solar microconverter capable of 
operating with either DC or single-phase AC grids using the same power terminals.  
The proposed microconverter solution is based on an advanced non-isolated forward 
DC–DC converter, which offers a wide input voltage regulation range and a low 
component count. A novel synergetic control strategy, a combination of high-frequency 
and low-frequency operation, is employed in the inverter stage, where the control of the 
inverter bridge is optimized for improved performance and efficiency. A synergetic 
control strategy is introduced for the forward-based microinverter operating in AC mode, 
enabling a cost-effective single-stage architecture across a broad range of operations. 

To validate the concept, power loss evaluation under synergetic control is carried out, 
followed by experimental testing of a laboratory prototype. The results confirm high 
performance with reliable control of both input and output variables. A comparative 
analysis with the interleaved single-stage flyback topology further highlights the 
advantages of the proposed design. While both topologies achieve practical performance, 
the forward-based universal microconverter demonstrates superior efficiency, competitive 
cost distribution, and industrial scalability. By reducing semiconductor and auxiliary costs 
and optimising the use of magnetic and PCB elements, it positions itself as a practical 
alternative for large-scale, cost-effective deployment. 

4.1 Operation of Proposed Universal DC–DC/AC Microconverter Solution 
A forward-based non-isolated microconverter topology, as shown in Figure 4.1, is 
proposed. The DC–DC part is presented in Chapter 2. This configuration achieves high 
voltage gain while overcoming the drawbacks of both flyback and transformerless 
designs. The modification in the forward converter eliminates issues related to leakage 
inductance and voltage overshoots without requiring snubber circuits. Moreover, its 
common-grounded, non-isolated structure removes the leakage current path typically 
seen in transformerless systems. 

The proposed topology belongs to the single-stage, wide-operation-range, non-isolated 
category, offering significant advantages in cost and efficiency, particularly for large-scale 
manufacturing. While it incorporates more semiconductor devices, it requires only a 
single active switch, ensuring conduction losses remain comparable to those of flyback 
converters. Importantly, the secondary-side inductance does not increase the total 
stored magnetic energy, and the cascaded output capacitors do not add to the total 
capacitive energy relative to conventional designs. The proposed design reduces galvanic 
isolation to only the high-side gate drivers and current sensors, ensuring compactness, 
efficiency, and cost-effectiveness.  

 
Figure 4.1 Proposed dual-purpose forward-based microconverter [PAPER-I]. 
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Figure 4.2 Operation modes of forward-based stage in the proposed microconverter: (a) active state, 
(b) zero state, (c) DCM of inductor current, (d) DCM of the primary current. 

 
Figure 4.3 Operation modes of the bridge stage in the proposed microconverter. Connection to  
(a) DC or positive half cycle of AC, (b) negative half cycle of AC, and (c) zero level in unipolar PWM 
mode for AC. 

Due to the presence of diode D1, the proposed topology employs a hybrid control 
strategy that integrates high-frequency and low-frequency operation, thereby exploiting 
the advantages of both modes. The system is evaluated through Steady-State Analysis 
(SSA), with its operating modes depicted in Figure 4.2 and Figure 4.3. 

Figure 4.2 illustrates the operating modes of the forward-based stage, which 
functions primarily as a DC–DC or DC-to-rectified-AC converter. In this process, energy 
transfer and storage are managed by the transformer and the magnetizing inductor.  
The specific operating states are described below. 
• Active State (Figure 4.2(a)): When the primary switch S5 is turned ON, energy 
flows from the input to the secondary winding of the transformer. The magnetizing 
inductance simultaneously begins storing energy. Diode D1 conducts current to the 
output, while diodes D2 and D3 remain reverse-biased (OFF). Capacitor C1 charges, and C2 
supplies the load. 
• Zero State (Figure 4.2(b)): When S5 switches OFF, the energy stored in the 
magnetizing inductor needs a path to discharge. Diode D3 becomes forward biased and 
carries the magnetizing current. At the same time, D2 conducts while D1 turns OFF. 
Capacitor C1 discharges, and C2 is recharged by the reverse-flowing magnetizing current. 
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• Discontinuous Conduction Mode (DCM) of the Inductor (Figure 4.2(c)): Once the 
energy in the inductors is fully delivered, the inductor current drops to zero, signaling 
entry into Discontinuous Conduction Mode (DCM). This mode generally happens under 
light load conditions. 
• DCM of Primary Current (Figure 4.2(d)): Similarly, the primary current transitions 
into discontinuous mode during light load or certain modulation conditions, which 
lowers conduction losses while adding complexity to the control. 

The bridge stage operation in the proposed microconverter depends on the desired 
output polarity. For DC output or the positive AC half-cycle (Figure 4.3(a)), switches S2 
and S3 turn ON, directing energy from the forward stage to the load with proper polarity. 
During the negative AC half-cycle (Figure 4.3(b)), switches S4 and S5 conduct, reversing 
the output polarity and completing the full waveform.  

To produce a zero-voltage interval needed for unipolar PWM modulation (Figure 
4.3(c)), all switches are turned OFF, temporarily disconnecting the output. This approach 
enables efficient AC output generation while minimizing harmonic distortion. 

4.2 Closed-Loop Control Strategy for Universal Microconverter  
Figure 4.4 depicts the control flowchart implemented in the proposed universal solar 
microconverter, which enables automatic selection between AC and DC grid operation. 
The process begins with a software-based protection routine that checks whether 
measured parameters—including voltage, current, and temperature—remain within 
predetermined safe limits. This safeguard ensures reliable operation and prevents 
potential damage during startup or transient conditions. Once the protection verification 
is successfully completed, the controller examines the output voltage to determine 
whether it is suitable for connection to a 230 V, 50 Hz AC grid or a 350 V nominal DC 
microgrid. These voltage thresholds correspond to standard residential distribution 
levels and align with the converter’s rated maximum output of 450 W, associated with 
input voltage and current limits of 75 V and 13 A, respectively. If the output voltage falls 
within acceptable bounds for both grid types, the control system then evaluates the 
synchronization status of the grid to ensure safe and efficient power injection. 

 
Figure 4.4 Control concept of universal microconverter. 
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The Phase-Locked Loop (PLL) monitors the AC grid to detect a valid and stable 
reference. When the PLL is synchronized and stable, the system automatically switches 
to AC grid-connected operation. If the PLL cannot establish a stable grid  due to frequency 
instability, absence of a voltage reference, or voltage levels outside acceptable AC limits  
the controller then verifies the presence of a DC grid. A DC grid is considered valid when 
the output voltage falls within 320 V to 370 V. Upon meeting this criterion, the converter 
operates in DC grid-connected mode, ensuring proper functionality under either grid 
type. 

If neither a valid AC nor DC grid is detected, the system switches to an autonomous 
off-grid mode. In this mode, a voltage-mode control scheme is employed to maintain the 
output voltage independently of external grid conditions. This guarantees uninterrupted 
operation for connected loads even when no grid reference is available. The control 
strategy, illustrated in Figure 4.5(a) and (b), allows smooth transitions and seamless 
adaptation between AC and DC operation within a unified microconverter architecture. 

Figure 4.5(a) Control methodology for a DC microgrid, (b) Synergetic control methodology for an 
AC microgrid. 

4.2.1 Control Strategy for a DC Microgrid Mode 
Figure 4.5(a) shows the control framework for DC-grid operation. This structure 
resembles the AC-grid configuration, especially in the unfolding control, which relies on 
zero-crossing detection. A Proportional-Integral (PI) controller manages the forward-stage 
output voltage, which sets the reference current for power delivery to the grid. 
The reference current is continuously adjusted by a Maximum Power Point Tracking 
(MPPT) module using the hill-climbing algorithm, ensuring the photovoltaic system 
operates near its peak power under varying solar irradiation. The forward-based DC–DC 
converter uses a single switch, requiring only one Pulse Width Modulation (PWM) signal. 
Furthermore, a DC breaker is employed to support the current control system. 
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Figure 4.6 Flowchart diagram of the MPPT hill climbing technique for the forward based DC–DC 
converter [79].  

The MPPT directly adjusts the duty cycle D of the control signal for switch S5.  
The control system considers both the current and previously measured input voltage 
and current values. The converter’s output is connected to the DC grid, while diodes on 
the secondary side prevent reverse current flow from the grid, eliminating the need for 
explicit output current control. Nonetheless, measuring the output voltage and current 
remains necessary for verifying DC grid availability, implementing droop control, and 
supporting the software protection system. This protection system monitors input and 
output voltages and currents to detect overvoltage and overcurrent conditions. 

The flowchart of the MPPT algorithm is depicted in Figure. 4.6. The algorithm starts 
with a measurement of the input voltage and current. These values are averaging by 
software to avoid noise and ripples of measurements. That is why there is the counter 
which counts until some number Nav that regards to the averaging period. When the 
counter reaches the Nav value the system calculates the deviations of the input voltage 
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There are 4 zones of working MPPT: zone 1- ΔvIN↓, ΔpIN↑, zone 2- ΔvIN↑, ΔpIN↓, zone 
3- ΔvIN↑, ΔpIN↑, zone 4- ΔvIN↓, ΔpIN↓. When ratio ΔpIN/ΔvIN is less than zero,
it corresponded to the right side of the PV characteristic according to the MPP (zone 1 
and zone 2). The current duty cycle D should be decreased on Dstep. In another case, the 
ratio is positive. This case corresponded to zone 3 and zone 4. The duty cycle D should 
be increased on Dstep in this case. The changing of the duty cycle can be increased or 
decreased with different steps [79]. 

The PI-controlled output capacitor voltage establishes a stable reference for regulating 
the output current, ensuring efficient and consistent power transfer to the DC grid. 
A soft-start procedure precharges the output capacitor to the 350 V grid level before 
closing the circuit breaker, preventing inrush currents and enabling smooth grid 
connection. 

4.2.2 Synergistic Control in an AC Microgrid Mode 
The proposed universal solar microconverter supports both double-stage and a 
combination of single-stage and double-stage configurations for AC microgrid interfacing. 
Although the double-stage design is possible, it requires larger energy storage 
components, namely capacitors C₁, C₂, and C₃. These larger capacitors increase both the 
cost and size of the system, making this configuration less attractive for cost-sensitive or 
space-constrained applications.  

The single-stage configuration provides notable efficiency gains and cost savings, 
especially for large-scale production. Additionally, integrating low-frequency unfolding 
circuits in single-stage designs reduces switching losses, enhancing thermal performance 
and system reliability. However, continuous single-stage operation is limited by diode 
D1, which transfers the input voltage to the output in the forward-based non-isolated 
topology, preventing full single-stage operation with an AC load. To address this, the 
proposed microconverter employs a synergetic control method, dynamically switching 
between single- and double-stage modes according to real-time operating conditions. 

Figure 4.7 Switches signal considering synergetic control for AC mode. 
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 The dual-mode operation combines a high-frequency unipolar pulse modulation with 
a low-frequency (100 Hz) unfolding method, as shown in Figure 4.7. This setup allows the 
forward-based microinverter to operate efficiently on AC grids by switching modes 
according to the real-time ratio of the forward stage output voltage to the input voltage. 
In high-frequency mode, when the controller output VM is below the desired DC-link 
voltage (VdcRef ), a three-level unipolar PWM is applied to produce a rectified sinusoidal 
waveform, minimizing switching losses and enhancing efficiency. When VM surpasses 
VdcRef, the system shifts to low-frequency operation using a simplified two-level switching 
approach through the unfolding circuit, reducing switching frequency and losses while 
maintaining effective power delivery. 

The proposed synergetic control framework, shown in Figure 4.5(b), is an adaptation of 
the strategy introduced in [80]. It incorporates a PLL block for grid phase synchronization 
and precise angle detection, ensuring the inverter output remains aligned with the grid 
voltage. The combined operation of the Proportional Resonance (PR) and Repetitive 
Controller (RC) enhances current tracking and reduces VdcRef – crossing distortions, which 
are typical in PR-only designs. Additionally, a Proposition (P) block is integrated into the 
double-stage control to stabilize the DC-link voltage around the reference VdcRef, which is 
selected near the maximum open-circuit voltage of each panel. 

4.3 Power Loss Evaluation of Proposed Microconverter Using Synergetic 
Control Methodology 
The theoretical analysis considers only the ideal scenario, ignoring parasitic effects from 
passive components and the transformer. The total converter losses can then be 
determined using the following equation: 

Total CL DL cu coreP P P P P= + + + (4.1) 

where PCL is a total conduction loss which includes the semiconductor’s static loss and 
inductance ESR loss, PDL is a dynamic loss which includes the semiconductor’s dynamic 
loss, Pcu is copper loss of transformer, and Pcoper is loss of the core of the transformer. 
The duty cycle value is obtained by using steady-state analysis: 
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where vIN is the input voltage, N is the step-up ratio of the transformer (n2/n1), and D is 
the value of the duty cycle.  

According to the control methodology illustrated in Figure 4.5, the output voltage of 
the forward stage is 350 V in DC mode and can be expressed for AC mode as follows: 
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VM is the peak ac grid voltage and ω is the angular grid frequency. 
Magnetic losses can be determined by following the approach: First, the flux density 

must be defined. Its calculation should account for the maximum area (λ₁) of the 
transformer’s primary voltage, corresponding to the peak input voltage of 70 V. 
The number of primary windings is then derived from the flux density equation: 
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The time-average power loss per unit volume for non-sinusoidal voltage across the 
transformer depends on the frequency, constants found by curve fitting (α and β), 
number of turns and the cross-sectional core area and flux density. Therefore, the core 
loss of the transformer can be found by multiple time-average power loss and an 
effective magnetic volume: 
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where Tc is the temperature of the core, CM, Ct1, Ct2, and Ct are temperature Steinmetz 
coefficients. 

The copper loss of the transformer is possible to calculate by using the below 
equation: 
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where ρ is wire effective resistivity, Itot is the total RMS winding currents, MLT is the 
mean length per turn, WA is a core window area, and KU is a winding fill factor. 

Semiconductor losses are divided into conduction losses and switching (dynamic) 
losses. Diode conduction losses depend on the forward voltage and average current. 
Switch conduction losses are determined by the ON-state resistance of the transistor and 
its RMS current, with 𝑖 representing the switch number. Additionally, the conduction 
losses of the inductor ESRs are included: 
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The dynamic losses of switches and diodes can be calculated by using the next equations: 
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where tDON is the turn on the delay time, tr is the rise time of the transistor, tDOFF is the 
turn-off delay time, tf is the fall time, IP_AVG equals an average value of transistor current 
spikes during the grid period, VP_AVG is the average value of the transistor drain source 
stress during the sine period, Qrr is the reverse recovery charge of the diode. 

All the previously described equations can be directly used to estimate power losses 
during DC operation. In contrast, for AC mode, the voltages and currents in both 
semiconductor and passive components fluctuate continuously because of the 
instantaneous variations in the duty cycle. 
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Figure 4.8 Forward Switch current with duty cycle variation. 

When operating in AC mode, as illustrated by the forward switch current in Figure 4.8, 
even the peak values vary over time. To accurately assess power losses under these 
conditions, the following equations are applied to calculate the RMS and average current 
values. 
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where Frms and Fave are the RMS and average value of desired function for the grid period 
respectively. Tsw is the switching period, and “i” is the current number of high-switching 
period. m is the total number of high switching period in the fundamental period, which 
is equal to 2Tgrid /Tsw which is 500 for 50 Hz grid with 50 KHz switching frequency. 
Moreover, any power signal or other variables are calculated as functions of the current 
switching period. 

0( ) swi i Tϕ ϕ ω→ = ⋅ ⋅ . (4.10) 

To determine the bridge power losses, it is essential to identify the transition time 
(ttransition) from unfolder operation to unipolar PWM mode. 
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The input current of the transformer, calculated as: 
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where the PPV and VIN are input power and voltage. 
As shown in Figure 4.9, the converter’s performance was assessed using analytical 

methods. Figure 4.9(a) depicts the calculated efficiency for a 230 V, 50 Hz AC output across 
varying input voltages, while Figure 4.9(b) illustrates the power loss distribution at 40 V 
input as a function of input current. This analysis enables estimation of the converter’s 
power losses, and experimental verification provides the confirmed efficiency curve. 
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Figure 4.9(a) Analytical efficiency for AC 230 V 50Hz output with Input power changing for different 
input voltage. (b) Power loss distribution for input 40 V vs input current variation. 

4.4 Experimental Validation 
To experimentally verify the proposed non-isolated DC–DC/AC microconverter, a complete 
hardware prototype was built. As shown in Figure 4.10, the prototype incorporates the 
full power and control systems, including protection, switching devices, auxiliary supply, 
and logic circuits. An STM32H503RBT6 microcontroller acts as the central controller, 
handling PWM generation, sensor data processing, and control decisions. The auxiliary 
circuitry is powered directly from the PV input, providing low-voltage DC rails for the 
microcontroller, sensor interfaces, and ESP32 communication module, enabling fully 
autonomous and responsive operation. 

The power stage consists of a high-frequency ETD49 transformer, forward converter 
MOSFETs, bridge switches, output rectifiers, and passive filtering components. An LC 
filter mitigates output voltage ripple, while an EMI filter ensures electromagnetic 
compatibility compliance. A DC circuit breaker provides additional output protection. 
High-speed SiC Schottky diodes (C4D02120, C3D02065E, and C3D10065A) are employed 
for D1, D2, and D3 to enable fast switching and minimal reverse recovery losses, improving 
efficiency and thermal performance. For the single-stage design, STF28N65M2 MOSFETs 
are selected to reduce conduction losses, with dynamic losses being negligible due to 
low-frequency operation. The IPD95R450P7ATMA1 MOSFET is used as a cost-effective 
option for the breaker. 

Figure 4.10 Experimental prototype of the proposed universal forward-based microconverter: (a) top 
view, (b) bottom view [PAPER-I]. 
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Table 4.1 Design parameters of the proposed universal microconverter. 

Table 4.1 summarizes the main electrical specifications of the passive components and 
transformer employed in the prototype. The converter’s overall design prioritizes  
cost-effectiveness by restricting galvanic isolation to critical sections only. Specifically, 
isolation is applied to the high-side gate drivers of the full-bridge stage and the output 
current sensor, ensuring adherence to safety requirements while minimizing system 
costs. 

The input stage incorporates a 15.3 mF decoupling capacitor to stabilize the PV bus 
voltage. The transformer core is an ETD49-3C95, with the primary wound using  
18 turns of 0.04 mm × 2000-strand litz wire and the secondary with 98 turns of  
0.1 mm × 2000-strand litz wire. To minimize interwinding capacitance and parasitic 
effects, the windings are spaced deliberately without overlapping layers. Although this 
slightly increases leakage inductance, it reduces voltage stress on the switches, 
enhancing reliability under full-load operation. 

Figure 4.11(a) and (b) demonstrate the dual-mode functionality of the proposed 
forward-based microconverter under DC and AC grid configurations.  

 
 

Parameter Value 

Input voltage range vIN 15-70 V 

Output voltage vo 350 V 

Max input power PINMAX 540 W 

Max input current iINMAX 11 A 

Max output current iOMAX 1.3 A 

Switching frequency of switches fSW 50 kHz 

Input decoupling capacitor CIN 15.3 mF 

Forward cell capacitor C1 3.3 uF 

Clamp capacitor C2 3.3 uF 

Output capacitor C3 1 uF 

Secondary side capacitor Cx 2.2 nF 

Forward cell inductor L1 1000 uH 

LCL filter inductance Lf1 620 uH 

LCL filter inductance Lf2 180 uH 

LCL filter capacitance Cf 1 uF 

Transformer core ETD49 

Core Material Grade 3C95 

Magnetising inductance (pr) Lm 100 uH 

Leakage inductance of transformer (pr) Lk 28 uH 

Number of turns (pr) n1 18 

Number of turns (sec) n2 98 

Core airgap 700 um 
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4.4.1 DC–AC Mode 
Figure 4.11(b) depicts AC grid operation, highlighting the input behavior, forward-stage 
output voltage, and load current. The control strategy adaptively switches modes based 
on the relative levels of input and output voltages. If the output drops below the input, 
the system engages conventional unipolar PWM inverter control.  

Figure 4.11 Experimental Results of the proposed universal forward-based dc ready microconverter 
connected to(a) dc grid, (b) AC grid. 

When the output exceeds the input, it transitions to the unfolder mode, regulating 
power via the forward-stage switch. This dynamic approach maintains efficient 
performance under varying operating conditions. 

4.4.2 DC–DC Mode 
In Figure 4.11(a), DC operation is validated with input and output voltage/current 
measured at a nominal 350 V output Table 4.2 contains commercial solar panels which 
were considered for the experimental validation of the proposed forward-based DC–DC 
converter. The solar panels have different voltages and currents, and they were selected 
to demonstrate a wide voltage and power range of operation of the proposed converter. 
A programmable PV simulator Keysight E4360A emulates parameters of a real PV panel 
and acts as an input source for the proposed converter.  

The bidirectional power supply Itech IT6006-800-25 is used as an emulated grid side, 
where the voltage is 350 V. All the efficiency measurements were done by using precision 
power analyzer Yokogawa WT1800. Figure. 4.12 shows the experimental results of the 
proposed converter for a single panel ED160-6M and 355R-AC. ED160-6M panel has the 
Maximum Power Point (MPPT) current is 8.79 A and the MPP voltage is 18.2 V. However, 
if set datasheet specifications for power supply, the PV simulator changes a little bit those 
parameters (VMPP = 18.6 V, IMPP = 8.659 A, PMPP = 161.06 W). 

vO 350V
iO 0.93A

iIN

8.86A 40.4V
vIN 47.4V

Time, 400ms/div. 
(a)

THDi 3.84%

i IN 2.5A/div vo 200V/div

ig 2.5A/div

vIN 8V/div

Time, 10ms/div. 
(b)
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Table 4.2 Commercial solar panel parameters available on the market and the efficiency results of 
the proposed converter in DC–DC mode. 

Figure 4.12 The experimental results of the proposed converter with different PV panels. PV and 
grid currents and voltages for: (a) solar panel ED160-6M, (d) solar panel 355R-AC; PV current and 
voltage and voltage stresses on switch S1 and diode D1 for: (b) solar panel ED160-6M, (e) solar 
panel 355R-AC; PV current and voltage and voltages across diodes D2 and D3 for: (c) solar panel 
ED160-6M, (f) solar panel 355R-AC [PAPER-V]. 

As a result, the MPPT algorithm identified the MPP with a current of 8.672 A and a 
voltage of 18.56 V (ηMPPT = 99.93%). The overall efficiency reached 90.83% using the 
cost-effective semiconductor set listed in Table 2.6. The MPPT required 1.8 s to reach 
the MPP (Figure 4.12(a)), while the semiconductor voltage stresses are presented in 
Figures 4.12(b)–(c). 

The diodes D1 and D2 experience high voltage stresses due to the transformer turns 
ratio and a fading-resonance interaction between the primary magnetizing inductor and 
parasitic capacitances. Adding a secondary-side capacitor, Cx, can reduce the diode 
voltage stress but simultaneously raises the voltage stress on the main switch and diode 
D3. During experiments, Cx was set to 2.5 nF. 
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ED90-6P 90 22.6 17.8 5.36 5.06 99.84 90.24 90.1 99.84 90.17 90.03 

ED160-6M 160 22.2 18.2 9.32 8.79 99.93 90.83 90.77 99.93 91.1 91.04 

355R-AC 355 47.4 39.1 9.53 9.09 99.95 93.81 93.76 99.95 94.16 94.11 

SPR-X22-
370 370 69.5 59.1 6.66 6.26 99.48 93.96 94.47 99.48 95.05 94.55 
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The experimental results for the PV panel 355R-AC are presented in Figure 4.12(d–f). 
The PV simulator defines the real parameters as VMPP = 40.034 V, IMPP = 8.961 A, and 
PMPP = 358.75 W. The controller identified a power point at VMPP = 39.94 V and 
IMPP = 8.98 A, yielding an MPPT efficiency of 99.95% and a total efficiency of 93.76 % with 
low-cost semiconductors. Using a more expensive semiconductor set slightly increased 
total efficiency, as reported in Table 4.2, by 0.35%, since the transistors share the same 
dynamic characteristics, an important factor for the proposed converter. Theoretically, 
diode D1 voltage stress could reach 1.4 kV at high boost, but experimental measurements 
showed a maximum of 1.19 kV.  

The experimental results confirm that the proposed forward-based microconverter 
does not suffer from voltage spike issues across the semiconductors. These findings 
demonstrate that the leakage inductance problem has been effectively mitigated, 
validating the robustness and reliability of the proposed design. 

Under conditions of rapid input or output changes, the system is generally robust 
because such variations are usually gradual. PV voltage and current can fluctuate due to 
shadowing, high temperatures, or low solar irradiance. Sudden load or voltage changes 
may occur during line interruptions or short-circuit faults. To handle these situations, the 
control system incorporates both software and hardware protections, including current 
and voltage limits, a reverse-protection diode on the PV side, fuses, a varistor, and a 
DC breaker. In the event of a fault, the protection system immediately halts duty-cycle 
generation, stopping the converter to ensure safe operation. 

4.4.3 Efficiency Study 
Figure 4.13(a) evaluates system efficiency for AC and DC loads at input voltages of 40 V 
and 60 V over a current range of 1–10 A, using a Yokogawa WT1800E analyzer. Higher 
input voltage and lower current levels yield greater efficiency due to minimized 
conduction losses and favorable duty cycle operation. Peak DC efficiency reaches 94.2% 
at 60 V and 6 A, while AC efficiency peaks at 94.4% at 4 A. DC loads benefit from constant 
duty cycles, especially at 350 V output, while AC efficiency benefits from sinusoidal 
modulation under lighter loads. Beyond 5 A, AC efficiency declines faster due to cumulative 
switching and conduction losses. 

Figure 4.13(b) and (c) present thermal images of critical semiconductors during AC grid 
operation at 450 W with 60 V input, recorded using a Fluke Ti10 camera. The switch and 
diodes D1, D2, and D3 reached about 80 °C, whereas the transformer stayed near 50 °C. 

Figure 4.13 (a) Efficiency comparison of AC and DC loads across input voltages (40V and 60V) at 
varying current levels, (b) Thermal pictures of the semiconductors and forward transformer in 
maximum AC power at input voltage of 60 V. 
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4.5 Comparison of Non-Isolated Forward-Based Universal 
Microconverter with Interleaved Single-Stage Flyback Topology 
The proposed dual-purpose forward-based microconverter in Figure 4.1 is compared 
with a dual-purpose flyback topology with primary-side passive decoupling, shown in 
Figure 3.2(b), which represents a cost-effective industrial solution. The forward  
non-isolated microinverter outperforms conventional single-stage flyback designs by 
removing isolation components, such as transformers and optocouplers, while using 
shared auxiliary circuits for both DC and AC operation. 

Unlike flyback designs, this topology uses a simplified magnetic structure. The term 
“non-isolated” indicates the removal of galvanic isolation between primary and secondary 
circuits, while retaining a magnetic element for voltage step-up and passive filtering. 

To objectively evaluate the proposed design, two TRL4 universal prototypes—one 
flyback-based and one non-isolated forward-based—were developed using identical 
components, differing only in their core topologies, as shown in Figure 3.4(a) and Figure 4.1. 

Cost savings stem from simplified magnetics and removal of isolation components in 
the gate driver and sensor circuits. The additional inductance Lf1 in the forward-based 
converter, compared to the flyback design, is included to meet the zero-level 
requirement of the unipolar PWM scheme, not to improve THD.  

4.5.1 Theoretical Comparison of Flyback and Forward-Based Non-Isolated 
Solutions 
With the single-stage configuration, the converters generate a pulsating AC output that 
is directly rectified. Steady-state analysis was performed for both the forward-based and 
flyback DC–DC converters. Ripple values of passive components were kept the same for 
both topologies to ensure a fair comparison, and transformer design maintained identical 
deviation and maximum flux density (240 mT).  

The turn ratio was similarly selected to emphasize topological differences while and 
maintained identical ripple factors for the capacitors (Kc = 5%) and inductances (KL = 20%). 
Table 4.3 summarizes mathematical expressions for both converters, including passive 
components, magnetizing current, and semiconductor voltage stresses, with the 
comparison illustrated in Figure 4.14. 
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Table 4.3 Comparison table of the passive components and voltage stress. 

Parameter Flyback DC-DC 
converter Proposed Forward-based DC-DC converter 

Gain, G=Vo/VIN ( )1N D D⋅ − ( )( ) ( )1 1 1N D D D+ ⋅ ⋅ − −

Duty cycle, D ( )O O INV V N V+ ⋅ ( )( ) ( )224 2IN O IN IN O INN V V N V N V V N V⋅ + + ⋅ ⋅ + ⋅ − ⋅ ⋅

Average magnetizing current, IM INI D ( )( )1IN OI I N D D− + ⋅

Capacitor, CO  ( )O O OI D T K V⋅ ⋅ ⋅ ( )( ) ( )1 1 2O C C O O O OI D T K V K V C K V⋅ ⋅ − ⋅ + ⋅ ⋅ ⋅

Capacitor, C1 – ( )( ) ( )1 1 2 1 1O C C O O C CI D T K V K V C K V⋅ ⋅ − ⋅ + ⋅ ⋅ ⋅

Inductance, L1 – ( ) ( )1 1INN V D D T D⋅ ⋅ − ⋅ ⋅ −

Inductance, LM ( ) ( )2 2
0 4ef IN ef efMAX

V D T L A Bµ µ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ∆

Voltage stress across switch S1, vS1 ( )IN Ov N v N⋅ + ( )1INv D−

Voltage stress across diode D1, vD1 O INv v N+ ⋅  ( ) ( )1INv N D D⋅ ⋅ −

Voltage stress across diode D2, vD2 – INv N⋅

Voltage stress across diode D3, vD3 – ( )1INv D−

Figure 4.14 The comparison between the flyback and proposed forward-based DC–DC converters: 
(a) input voltage is 15 V and input current is 10 A, (b) input voltage is 40 V and input current is 10 A, 
(c) input voltage is 70 V and input current is 6.43 A. (d) Total power loss with input voltage variation.

Figure 4.14 compares the two topologies across varying input voltages and power 
levels. Red areas denote the forward-based DC–DC converter, while blue areas indicate 
the flyback DC–DC converter. At 15 V input and 10 A (Figure 4.14(a)), the forward-based 
converter shows higher semiconductor stress, with other metrics similar. For 40 V and 
70 V inputs (Figure 4.14(b)–(c)), although semiconductor voltage stress remains higher 
for the forward-based design, the flyback converter has greater total inductive energy 
due to its higher magnetizing current, balancing the overall comparison. Figure 4.14(d) 
shows the theoretical comparison of losses between Flyback and Forward based DC–DC 
converter. 

The proposed forward-based DC–DC converter provides key advantages: it is 
non-isolated and shares a common ground, reducing costs and eliminating leakage 
currents. Although it uses more semiconductors, only one active switch is required, 
and total conduction losses remain comparable to conventional designs, making it a 
cost-effective alternative for specific applications. 
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4.5.2 Efficiency Comparison 
This subchapter presents the experimental results comparing a dual-purpose microconverter 
based on the proposed non-isolated forward topology (Figure 4.10) with a widely used 
conventional single-stage flyback topology (Figure 3.4(b)) under both AC and DC load 
conditions. 

Figure 4.15 shows the efficiency curve for varying input voltages at a constant 9 A input 
current, measured using the high-performance Yokogawa WT1800E power analyser. 

Figure 4.15 Efficiency study versus different input voltages under constant input current. 

4.5.3 Cost Comparison 
The cost comparison is based on current component prices obtained from the same 
supplier’s website, highlighting the cost savings achieved with the proposed converter 
design relative to the conventional single-stage flyback solution, which is widely 
recognized in the industry as a cost-effective option for power levels up to 450 watts. 

As illustrated in Figure 4.16, the forward-based topology demonstrates a 28.5% 
reduction in total costs based on the number of components required at different 
production levels (1, 10, 100, and 1000 units). The cost analysis is divided into several 
parts, such as the total cost of capacitors, semiconductors, Magnetics, Integrated Circuits 
(IC), resistors/varistors for protection, as well as printed circuit boards. In terms of 
semiconductors, PCB, resistors/ protection, as well as capacitor costs, both topologies 
have almost similar costs. However, the cost of magnetics and ICs used for drivers and 
sensors is higher in the flyback-based solution compared to the proposed. 
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Figure 4.16 Cost benchmarking of proposed non-isolated forward and interleaved flyback-based 
microconverters. 

As illustrated in Figure 4.16, the forward-based topology achieves a 28.5% reduction 
in total cost by optimizing the number of components required across different 
production volumes (1, 10, 100, and 1000 units). The cost analysis is divided into several 
categories, including capacitors, semiconductors, magnetics, integrated circuits (ICs), 
resistors/varistors for protection, PCBs. For semiconductors, PCBs, resistors/protection 
components, and capacitors, both topologies exhibit nearly identical costs. However, the 
flyback-based solution incurs higher costs for magnetics and ICs used for drivers and 
sensors. This is primarily due to the non-isolated nature of the proposed topology, which 
eliminates the need for isolated sensors, isolated drivers, and, in general, additional ICs. 

Meanwhile, the control part, which includes current and voltage sensors, control and 
communication circuits, and auxiliary supplies, exhibits significant cost reductions due to 
the non-isolated architecture. By eliminating the need for costly isolation components, 
the design is streamlined and more efficient. These savings make the forward-based 
topology particularly well-suited for mid-power systems (300–500 W), ensuring both 
cost-effectiveness and universal compatibility with DC and AC microgrids. 

Table 4.4 Cost comparison of the control part and the power part, considering the current market 
price. 

Topology 

Control Part Cost (€) by Volume  Power Part Cost (€) by Volume   

1 10 100 1000 1 10 100 1000 

Proposed 
forward-based  49 34 27 23 178 134 114 90 

Flyback based 85 64 52 44 218 171 140 115 
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To further enhance cost efficiency, the adoption of Application-Specific Integrated 
Circuit (ASIC) technology can be considered. In large-scale production, an ASIC-based 
design minimizes component count, reduces manufacturing costs, and improves 
performance. By integrating multiple control and sensing functions into a single chip, 
ASICs streamline circuit complexity, enhance reliability, and lower overall production 
costs, thereby making the forward-based topology even more competitive for photovoltaic 
(PV) module applications. 

4.6 Summary 
This chapter presents the design, implementation, and experimental validation of a 
closed-loop synergetic control system engineered for a universal DC-DC/AC microconverter. 
The proposed control framework enables robust and stable dual-mode operation, 
seamlessly transitioning between DC and AC microgrid applications. For DC operation, 
the system employs precisely tuned PI-based voltage and current regulators, while AC 
operation utilizes a combined PR (Proportional-Resonant) and RC (Repetitive Controller) 
strategy with phase-locked loop (PLL) synchronization for grid interconnection. A thorough 
power loss analysis confirms the control system’s effectiveness in optimizing the balance 
between conduction and switching losses, thereby maintaining high efficiency across 
both operational modes. Experimental validation through laboratory prototypes verifies 
theoretical models, demonstrating reliable performance in DC–DC conversion with 
buck/boost capabilities and high-quality sinusoidal output in DC–AC inversion mode. 
The measured efficiency exceeds 95% under optimal conditions, confirming the design’s 
practical viability. The chapter concludes with a comprehensive comparative analysis 
against interleaved flyback topologies, highlighting the proposed converter’s superior 
cost-effectiveness with a 28% reduction in component costs while maintaining competitive 
efficiency. The successful integration of advanced control strategies with the forward-based 
non-isolated architecture represents a significant advancement in universal microconverter 
technology, offering improved economic viability and operational flexibility for modern 
renewable energy systems. 
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5 Summary and Conclusions 
This thesis has presented a comprehensive study of cost-effective power electronic 
converter solutions for dual-purpose operation in both DC and AC microgrids. The research 
addressed the growing demand for universal, compact, and efficient interfaces in 
renewable energy systems, with an emphasis on minimizing redundancy while maintaining 
robust performance, guided by core hypotheses on topology and control. 

A comparative evaluation of DC–DC converter topologies was carried out, focusing on 
both isolated and non-isolated solutions. This investigation confirmed that a modified 
forward-based converter offers cost-effectiveness and high efficiency for applications 
requiring a wide input range of 15–70 V, validating the first hypothesis. Furthermore, 
it was demonstrated that this proposed non-isolated forward-based solution effectively 
eliminates the leakage inductance issue typically observed in transformer-based 
converters, thus confirming the second hypothesis. In parallel, a novel isolated buck-boost 
topology with wide voltage regulation and ZVS was also proposed, offering reduced 
switching losses. Theoretical analysis, simulations, and experimental validation confirmed 
that both approaches achieve compact design and reliable operation. 

The investigation into passive decoupling methods demonstrated that PV-side 
decoupling, compared to conventional DC-link capacitor approaches, reduces bulky 
energy storage requirements, improves efficiency, and lowers cost without sacrificing 
reliability. This makes it particularly attractive for the proposed cost-sensitive systems 
where minimizing capacitor volume is a critical factor. 

A synergetic closed-loop control strategy was developed to enable universal 
DC–DC/AC microconverter operation across wide input and output ranges. The proposed 
control scheme was experimentally validated under both steady-state and dynamic 
conditions. The results confirmed that this strategy provides significant benefits by 
utilizing single-stage operation across a wider voltage range, delivering fast transient 
response, stable regulation, and improved efficiency compared to conventional designs, 
thereby validating the third hypothesis. The use of a multicore controller allowed 
computationally intensive tasks, such as predictive control, to be distributed efficiently, 
further enhancing system performance. 

Overall, the thesis demonstrates that the proposed universal microconverter achieves 
compactness, high efficiency, reduced internal redundancy, and cost-effectiveness. 
As the primary outcomes, the author can claim the following: 

• The modified forward-based converter offers a cost-effective and efficient
solution for a wide input range of 15–70 V. 

• The proposed forward-based converter topology effectively eliminates the
leakage inductance issue of the transformer. 

• The proposed synergetic closed-loop control strategy successfully enables
stable and efficient single-stage operation across a wide voltage range. 

• The universal microconverter is a competitive candidate for renewable energy
integration in residential and microgrid applications. 

Future work is directed toward further TRL-6 development and a long-term testing 
process. Efforts will focus on the further optimization of the control strategies, and 
magnetic component designs, as well as reduction of number of components. 
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Abstract 
Photovoltaic Microconverter with Universal Compatibility 
with AC and DC Microgrids 
This work presents a novel universal solar microconverter capable of interfacing with 
both DC and single-phase AC grids through the same hardware. The key innovation is the 
dual-purpose use of its power semiconductors, significantly reducing component 
redundancy and cost. The core topology is a non-isolated forward converter, chosen for 
its wide input voltage range (15–70 V), low component count, and inherent mitigation of 
leakage inductance effects. 

A synergetic control strategy is introduced to manage both high-frequency regulation 
and low-frequency grid synchronization, enabling efficient single-stage power 
conversion across all operating modes. In AC operation, a passive unfolding circuit with 
zero switching losses is employed to construct the output waveform, further enhancing 
efficiency. 

An experimental prototype was developed and tested, validating reliable performance 
in both DC and AC environments under various steady-state and dynamic conditions. 
The results demonstrate that the proposed universal microconverter achieves a compact, 
cost-effective, and efficient solution for renewable energy integration, making it a 
competitive candidate for residential and microgrid applications. 

This work has substantial practical value: 
• The proposed non-isolated forward converter topology provides a proven,

cost-effective hardware foundation for universal power conversion. 
• The synergetic control strategy offers a flexible software framework for managing

dual-mode operation and optimizing performance. 
The theoretical and practical results established in this thesis serve as a direct 

foundation for further development towards a TRL-6 prototype. The proposed synergetic 
control strategy can be improved upon, particularly by integrating more advanced 
modulation techniques to achieve further reduction in output current and voltage THD. 
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Lühikokkuvõte 
Universaalne alalis- ja vahelduvvooluvõrkudega ühilduv 
fotoelektrilise süsteemi mikromuundur 
Käesolev töö esitleb uudset universaalset fotoelektrilise süsteemi mikromuundurit, mis 
suudab riistvara muutmata ühilduda nii alalisvoolu (DC) kui ka ühefaasilise vahelduvvoolu 
(AC) mikrovõrkudega. Põhiinnovatsiooniks on pooljuhtlülitite kahetine kasutamine, mis 
vähendab oluliselt komponentide liiasust ja kulusid. Keskseks topoloogiaks on 
galvaanilise isolatsioonita pärilülitusmuundur (ingl forward converter), mis on valitud laia 
sisendpinge vahemiku (15–70 V), väikese komponentide arvu ja omaduse tõttu 
vähendada lekkeinduktiivsuse negatiivset mõju. 

Sünergiline juhtimisstrateegia on kasutusele võetud nii kõrgsageduslikus 
reguleerimiseks kui ka madalsageduslikuks võrguga sünkroniseerimiseks, võimaldades 
tõhusat üheastmelist võimsuse muundamist kõikides töörežiimides. Vahelduvpinge 
režiimis väljundsignaali kujundamiseks rakendatakse passiivset pinge formeerimisahelat 
koos transistoride pehmelülitusega, mis parendab muunduri energiatõhusust. 

Arendati ja testiti katseprototüüp, mis kinnitas usaldusväärset toimimist nii alalis- kui 
ka vahelduvvoolu mikrovõrgus erinevates staatilistes ja dünaamilistes tööpunktides. 
Tulemused tõestavad, et pakutud universaalne muundur võimaldab integreerida 
päikesepaneele kompaktselt, efektiivselt ja kulutõhusalt, muutes selle 
konkurentsivõimeliseks kandidaadiks eramute mikrovõrkude rakendustele. 

Sellel tööl on oluline praktiline väärtus: 
• Universaalne galvaanilise isolatsioonita pärilülitusmuundur pakub kulutõhusat

riistvaralist baasi erinevatele muundurite rakendustele. 
• Sünergiline juhtimisstrateegia pakub paindlikku tarkvararaamistiku

kahe-režiimilise töö haldamiseks ja jõudluse optimeerimiseks.  
Käesolevas doktoritöös saavutatud teoreetilised ja praktilised tulemused annavad 

hea aluse edasiseks arendustööks TRL-6 prototüübi suunal. Pakutud sünergilist 
juhtimisstrateegiat on võimalik täiustada integreerides täiustatud 
modulatsioonitehnikaid väljundvoolu ja -pinge moonutuse edasiseks vähendamiseks. 
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PAPER I 

H. Afshari, O. Husev, O. Matiushkin and D. Vinnikov, “Novel Dual-Purpose
Cost-Effective Forward-Based Micro-Converter,” 2025 IEEE Seventh International 
Conference on DC Microgrids (ICDCM), Tallinn, Estonia, 2025, pp. 1–5, doi: 
10.1109/ICDCM63994.2025.11144743. 
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Abstract: There is a growing interest in solar energy systems with storage battery assistance. There is
a corresponding growing interest in hybrid converters. This paper provides a comprehensive review
of hybrid converter topologies. The concept of a hybrid inverter is introduced and then classified
into isolated and non-isolated structures based on using a galvanic transformer. The classification
and description of each type are presented based on the features and applications. Furthermore, the
most popular commercial solutions are investigated in terms of their simplicity, flexibility, efficiency,
and battery technology. The summarizing features are presented through tables, and future trends
for researchers to follow to develop efficient hybrid converters are discussed. This review paper is
intended as a convenient reference for hybrid converter users.

Keywords: dc-dc/ac converter; hybrid converter; buck-boost converter; derived converter

1. Introduction

Electrical energy consumption over the whole world is rapidly growing. There is a
consistent increase in the demands on power capacity and the efficient production, distri-
bution, and utilization of energy. The general power generation capacity must be increased
to meet dynamic load variations [1]. A decrease in the accessibility of conventional energy
resources has prompted power engineers and researchers around the globe to look for
better and more productive means of the utilization of renewable energy sources (RES).

Power electronic converters play a crucial role in the usage of RES [2]. Power electronic
converters are increasingly used in various applications including electric cars, ships, and
photovoltaic (PV) panels. An independent power system can be formed by combining
renewable energy with local loads. This approach is widely incorporated into modern
power systems [3,4]. In this system, dc and ac loads are provided by different types of
energy sources using efficient power electronic converters.

Figure 1a shows a simple example of a solar energy system in which a single dc source
supplies an ac grid or load. Figure 1b shows the same system with battery assistance.
Hybrid converters as multi-output converters are used to provide simultaneous dc and
ac outputs for systems, delivering better power density and improved reliability [5,6].
Researchers have been focused on improving the performance of hybrid converters through
topological innovations and control methods [7–9].

As a result of the limited amount of power that can be injected into the grid by
renewable energy produced by local households, the feed-in energy costs of solar systems
are decreasing and are expected to be zero in the current decade [10]. With this in mind, the
use of battery storage systems along with renewable energy sources has great importance.

Some review papers have been published in the literature [11–14]. However, this paper
focuses on the existing solutions on the market in terms of structure (simplicity), rating
powers, and insulation, as well as high efficiency. The main goal of this paper is to propose
a general classification of hybrid converters, as well as a brief overview of their state in the
marketplace. In this regard, Section 2 presents the ancillary services of converters. Section 3
describes the various functions of the Hybrid converter. The existing solutions for hybrid
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converters are analyzed in Section 4. A research overview of isolated and non-isolated
hybrid converters is presented in Sections 5 and 6 respectively. Finally, the conclusion is
presented in Section 7.

Figure 1. Schematic diagram of a solar energy system: without (a) and with (b) battery storage assistance.

2. Ancillary Services of Converters

The Federal Energy Regulatory Commission (FERC) defines ancillary services as
“those services necessary to support the transmission of electric power from seller to
purchaser given the obligations of control areas and transmitting utilities within those
control areas to maintain reliable operations of the interconnected transmission system”.
They are needed for grid reliability [15]. FERC identified six ancillary services including
reactive power and voltage control, loss compensation, scheduling and dispatch, load
following, system protection, and energy imbalance [16]. Among these services, the power
electronics converters seem to be best suited for providing reactive power and voltage
control. Voltage regulation has traditionally been done on transmission lines because
distribution networks are passive networks. The diffusion of RES directly connected to the
distribution networks gave rise to the problem of voltage regulation on these networks.
Voltage regulation can be achieved by compensating the reactive power required by the
users and aims primarily to maintain voltages within certain ranges, but it is also concerned
with minimizing temporal variations in voltage and harmonic distortion. The voltage that
is traditionally controlled is that acting on the ratio-changing devices (e.g., transformer
taps and voltage regulators), reactive-power-control devices (e.g., capacitors, static-var
compensators, and occasionally synchronous condensers), and harmonic-control devices
(active power filters). The system operator must monitor and control these voltages and
compensate for the reactive power of the grid. Sometimes the network management
may find it more economical to purchase reactive power from a customer than to directly
compensate the customer for the same reactive power. In this case, some customers can
provide this ancillary service to the network [17,18].

When the electrical energy conversion is made with photovoltaic (PV) arrays, an
intermediate converter is needed for the connection to the grid. This converter can be either
single-stage or dual-stage [19]: the first stage is a dc-dc converter, whereas the second is an
inverter synchronized with the utility grid. The dc-dc converter boosts the voltage of the
PV arrays up to values suitable for the PWM modulation of the inverter. Maximum Power
Point Tracking control (MPPT) is usually implemented on the boost converter to extract the
maximum power available from the solar source. Finally, the inverter supplies the power
generated by the PV array with the desired power factor to the grid.
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When PV systems are used to perform ancillary services to improve grid power
quality, they pose several control challenges. For example, in harmonic compensation, it is
important to detect the current or voltage harmonic information.

Reference [20] proposed a method based on conservative power theory to detect
the harmonic current of the load. In [21], the Point of Common Coupling (PCC) voltage
information for harmonic compensation is used through a voltage control loop. In addition,
reactive power compensation methods are discussed in [22].

3. Functionalities of Hybrid Converters

An intelligent hybrid converter is a trending type of converter for solar applications us-
ing renewable energy for home consumption, especially for solar photovoltaic installations.
Some see this as a new technology, however, in some parts of the world such products have
been around since the 1990s. In solar systems, power generation fluctuates and may not be
synchronized with a load’s electricity consumption since solar panels generate electricity
only during the day. To fill the gap between what is produced and what is consumed
during the evening when solar electricity is not produced, it is necessary to store energy for
later use and to manage energy storage as well as consumption with a hybrid converter.

Hybrid converters enable the selection and orientation of renewable energy, grid
energy, and energy storage based on consumption. Unlike conventional converters, which
systematically store energy in batteries, hybrid converters only store energy when it is
needed. This system also allows a choice between whether electricity from photovoltaic
panels should be stored or consumed through an internal intelligent apparatus control
unit. Hybrid converters can operate in different modes: on-grid, off-grid, hybrid (both
on-grid and off-grid at the same time), and backup (in case of a black-out) as described in
the following subsections.

3.1. On-Grid General Mode (Hybrid)

As illustrated in Figure 2a,b respectively, if PV has sufficient power to inject the
required power of the load, the surplus power of PV is used to charge the battery and feed
into the grid. Conversely, when PV has insufficient power, batteries and the grid have the
responsibility to supply the load.

Figure 2. On-grid general mode: PV power is sufficient (a), PV power is insufficient (b).

3.2. On-Grid with Battery Backup Mode

PV and the grid both supply the load and charge the batteries (Figure 3a). When the
grid is working smoothly, the battery’s State of Charge (SOC) is always in full state as
depicted in Figure 3b. Batteries discharge only when a grid faults occur (Figure 3c).
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Figure 3. On-grid with battery backup mode: PV power is sufficient (a), PV power is insufficient (b),
when a grid fault occurs (c).

3.3. Off-Grid Mode

PV and battery constitute an off-grid system. If PV can supply the required power of
the load, the priority is to supply the required power to the load. Any surplus power is
used to charge the battery, as shown in Figure 4a. When PV has insufficient power, the
battery is used to supply power to the load (Figure 4b).

 
Figure 4. Off-grid mode: PV power is sufficient (a), PV power is insufficient (b).
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4. Analysis of Hybrid Inverters Available on the Market

The purpose of this section is to provide a comparative analysis of hybrid solar
inverters on the market. Several of the most popular commercial hybrid inverters have
been chosen for comparison [23]. The selected power range is from 3 kW to 5 kW, which is
the typical PV power range for residential applications. All characteristics of the commercial
hybrid inverters have been obtained from open sources and are shown in Table 1 [24–35].
These inverters illustrate a variety of solutions that are available on the market currently.
The most popular manufacturers were selected for analysis. Most of the inverters are
single-phase with an average maximum efficiency of about 97%.

Table 1. Table of commercial hybrid inverters.

№ Device
Nominal AC

Power, W
Max.

Efficiency, %
Number of

Phases
Battery
Type

Battery
Voltage

Range, V

Max.
Battery

Power, W

Battery
Communication

Comments

1
Huawei SUN2000

-5KTL-L1 [27] 5000 97.8 1 Li-ion 350–450 5000 RS485 Battery is connected
to dc-link

2
Fronius SYMO

Hybrid 5.0-3-S [26] 5000 96 3 LiFePO4 240–345 4800 RS485

Different battery
packs can be used
(BATTERY 9.0 is

shown)

3
Sungrow SH5K-30

[28] 5000 97.1 1 Li-ion 32–70 4500 CAN/
RS485

4
Redback SH5000

[31] 5000 97 1 Li-ion 42–60 4600 CAN

5
ABB REACT2-
UNO-5.0-TL

[30]
5000 96.6 1 Li-ion 170–575 5000 RS485

6
Solis RHI-1P5K-

HVES-5G
[32]

5000 97.5 1 Li-ion 120–500 7000 CAN/
RS485

Continuous
maximum battery

power is 6 kW

7 Imeon 3.6 [33] 3000 94.5 1 Li-ion 42–62 3840 RS485

8
SolaX X3 Hybrid

5.0 T [34] 5000 97 3 Li-ion 200–500 5000 CAN/
RS485

9
Sunny Boy Storage

5.0 [35] 5000 97.5 1 Li-ion 100–550 5000 CAN/
RS485

As Table 1 shows, there are two types of inverters. The first type is those with a low
battery voltage range such as the Sungrow SH5K-30, Redback SH5000, and Imeon 3.6.
A low voltage range (42–58.8 V) leads to high charging/discharging currents. In the case
of the Redback SH5000 inverter, these are 85 A/100 A, respectively. The second type is
inverter is those with a high battery voltage. For example, the Solis RHI-1P5K-HVES-5G.
The battery voltage of the latter varies from 120 V to 500 V. However, the charging and
discharging current in this system is only 20 A. Compatible batteries for inverters are
mostly Li-ion. However, according to its datasheet, the 3-phase Fronius SYMO Hybrid uses
the LiFePO4-type battery technology, which guarantees a long service life, short charging
times, and high depth of discharge. Furthermore, the storage capacity of the Fronius Solar
Battery can be adapted to meet individual customer needs. All the selected inverters use
the same standard communications—an RS485 connection or a CAN Bus.

The possible structure of the hybrid inverters is illustrated in Figure 5. They consist of
solar terminals, a grid-connected Voltage Source Inverter (VSI), a buck-boost cell, which
realizes the Maximum Power Point Tracking (MPPT) function, and a common dc-link. In
addition, most commercially available inverters have terminals for backup operation.

In the case of string solar hybrid inverters, the battery can be connected directly to
the dc-link, or with an additional interface converter, which is integrated into the Energy
Storage Systems (ESS), as shown in Figure 5a,b, respectively.

An example of an inverter with a structure without an additional interface converter
is the Huawei SUN2000-5KTL-L1. It is evident that simplicity and low cost are the main
advantages, while limited battery types and voltage are the main drawbacks. An example
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of an inverter with an external ESS with an additional interface converter, as in Figure 5a, is
the Fronius SYMO Hybrid 5.0-3-S. In this case, the company provides the ESS system as an
additional feature, while the inverter has dc-link terminals for connection. Other hybrid
solar inverters, such as the Sungrow SH5K-30, have an isolated integrated battery interface
converter. This corresponds to the structure illustrated in Figure 5b. A high step-up of the
battery voltage can be realized through this topology. In addition, Figure 5c shows the
internal structure of a hybrid inverter where the internal interface battery converter can be
connected to the solar panel terminals.

 

Figure 5. Typical structures of hybrid solar inverters. The battery connected directly to the dc-link (a),
The battery integrated into the Energy Storage Systems and connected to dc-link (ESS) (b), the
integrated battery interface connected to the dc low voltage (c), the integrated battery interface
connected to the ac voltage (d).

There are several examples of hybrid microconverters. The concept of hybrid micro-
converters is the same as that of hybrid converters. The difference consists of the power
and voltage levels. Usually, microconverters are intended for connecting to a single solar
panel in a range from 10 V to 60 V and a low-voltage battery. Due to the significant voltage
difference between the input side and the grid, a step-up transformer is utilized [36]. This
concept is illustrated in Figure 5d. Despite being an interesting idea, which seems to be
suitable for residential use, some difficulties are reported in [37,38]. The main constraints
are related to the battery overheating in the case of tied coupling with a solar panel.

The structure of the hybrid inverter can be much more complex. There are many
studies dedicated to alternative solutions. The next part of this work is devoted to the
detailed analysis of possible solutions.

5. Overview of the Non-Isolated Multi-Port Converters

As was mentioned above, hybrid inverters can be realized with and without an
isolation stage. This chapter is devoted to an overview of different structures of the non-
isolated Multi-Port Converters (MPC) reported in the research literature that are considered
suitable candidates for hybrid inverters [39–47].
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5.1. Battery Connected to the DC Bus

A simple example of the battery connected directly to the dc-link is shown in [48].
This system consists of a PV array, a dc-dc converter, and a single-phase battery energy
storage system that is formed by a bidirectional converter, and connects in parallel with the
batteries, the load, and the grid. The power of the PV is controlled by a dc-dc converter to
track the MPPT point. The generated power is stored in a battery connected to the dc-link,
as illustrated in Figure 6.

 
Figure 6. Battery link MPC with PV boost converter [48].

5.2. DC Bus Multi-Port Converter

In the more general case, an electrolytic capacitor is used as a dc-link, while the
multiple dc sources are connected through non-isolated power electronics interfaces. An ac
inverter links the dc sources and the ac grid. In [49], a commonly used topology of dc bus
MPCs is discussed, as shown in Figure 7. The PV array is connected to the dc bus via a
boost converter, the battery is connected to the dc bus through a bi-directional boost dc-dc
converter, and the dc bus is integrated into the ac utility grid by a three-phase VSI.

 
Figure 7. Dc bus MPC with boost-boost converters [49].

In [50], the proposed topology consists of a PV array connected directly to the dc bus,
a battery with a bi-directional dc-dc converter, and a dc-ac single-phase inverter, as shown
in Figure 8.

5.3. Diode-Clamped Multi-Port Converter

Based on a three-level diode-clamped converter, a topology is presented in [51] using
a battery and a supercapacitor instead of the standard two dc-link capacitors, as shown in
Figure 9. A new space vector modulation method is used for diode-clamped three-level
converters with variable dc-link voltages. The authors tested the system experimentally.
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Figure 8. DC Bus MPC with battery boost converter [50].

Figure 9. Diode-Clamped Multi-Port Converter [51].

5.4. Z-Source Based Multi-Port Converters (ZS-MPC)

The Z-Source Converter (ZSC) is a single-stage buck-boost converter with two inde-
pendent control freedoms, a modulation index that controls the output of the ZSC, and a
shoot-through to boost the dc-link voltage [52,53]. The quasi-Z-Source Converter (qZSC) is
created from the Z-source converter and, as well as all the benefits of the ZSC for application
in a RES system, it has continuous input current. Many different solutions were proposed
based on a Z-source network [54,55].

Similarly, several solutions based on ZSC were proposed with battery integration [56–58].
To create a ZS-MPC, one of the capacitors is replaced by a battery. This solution is studied
in [56] and is shown in Figure 10. In the study, the SOC of the battery is simulated and
experimentally tested.

A single switch quasi-Z-Source MPC with a PV power generation system and battery
connected to the upper capacitor of the qZSC, as shown in Figure 11, is analyzed and
simulated in [57,58].
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Figure 10. ZS-MPC [56].

Figure 11. qZS-MPC with Battery Storage Paralleling an Upper Capacitor [57].

Despite several solutions based on qZS networks being reported as pre-industrialization
prototypes [59,60] that show acceptable efficiency, it is reported that qZS-based solu-
tions may have a problem with power and volume density compared to comparable
designs [61–63]. Moreover, the solution reported in [57] is not feasible for hybrid inverter
applications because the battery is not usable during the night when power from solar
panels is not available [64].

5.5. Hybrid Transformerless PV Converter

The hybrid transformerless PV converter is discussed in [65]. This system has one
ac and two dc outputs. In this case, the inductor of the conventional boost converter is
split into two symmetrical ones placed at the positive and negative dc rails, as shown in
Figure 12. In addition, the switch of the conventional boost converter is replaced with a
transformerless VSI.
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Figure 12. Hybrid Transformerless PV Converter [65].

6. Overview of the Isolated Multi-Port Converters

In this section, isolated converter topologies are discussed. Isolated multiport convert-
ers involving galvanic isolation between different ports have been introduced in several
papers [66–71]. The use of a high-frequency transformer ensures isolation. Most of the
topologies have been derived from conventional full-bridge or half-bridge dc-dc converters.

6.1. Symmetric Boost Integrated Phase Shift Converter

The topology of a three-port partially isolated converter is shown in Figure 13 and
discussed in [72]. Ports 1 and 2 are inherently bidirectional. This means that each port
can source or sink average power depending on the state of the converter and connected
devices. Port 0 is unidirectional due to the use of diode rectifiers. The main power
source is connected to port 0, and the battery is connected to port 2. Switch Q2 is driven
complimentary to Q1 and switch Q4 is driven complimentary to Q3 with a short dead time
in between. The power delivered to the load is controlled by controlling the phase shift
between the gating signals of switches Q1 and Q3, and by controlling the duty ratio of the
switches Q1 and Q3, which are required to be the same.

Figure 13. Symmetric Boost Integrated Phase Shift Converter [72].

6.2. PV-Partially Isolated Three-Port Converter

A three-port partially isolated converter is shown in Figure 14 and discussed in [73].
The PV array is connected to port 1, the battery is connected to port 2, and port 0 is the load
port. This converter has three operational modes: single input, dual output mode (PV to dc
bus and battery), dual input, single output mode (PV and battery to dc bus), and single
input, single output mode (battery to dc bus).
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Figure 14. PV-Partially Isolated Three-Port Converter [73].

6.3. Fully Isolated Three-Port Converter

A three-port fully isolated converter is shown in Figure 15 and discussed in [73]. These
modular systems have multiple modules. Each module has three ports, one fuel cell port,
one energy storage port, and one load port, and all of these ports are bidirectional. The fuel
cell port should be protected from reverse current, and diode D1 is used in this case for
that purpose. Inductor L1 is used to mitigate current ripples. The phase shift between the
active bridge interfacing port 1 and the active bridge interfacing port 0 is used to control
the power flow.

Figure 15. Isolated Three-Port Bi-Directional DC-DC Converter [74].

6.4. Multiport CLL-Resonant Converter

A three-port fully isolated converter is shown in Figure 16 and discussed in [75]. Port 1
is the main input port, port 2 is an auxiliary input port, and port 0 is the load port. The
phase shift between the two input ports is used to control the output voltage.

The phase shift between the two input ports is maintained at 90◦. In the paper, this
converter is modeled as a square wave voltage source and the transformer is modeled with
its equivalent T model.

A summary of the hybrid solutions discussed above is presented in Table 2. The table
illustrates the number of components, power rating, and insulation, as well as electrical
features. L and C represent the number of inductors and capacitors, respectively.
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Figure 16. Isolated Three-Port CLL- Resonant Converter [75].

Table 2. Summary of hybrid solutions.

References

Number of Components
Power

Ratings Isolation Pros ConsSwitch
& Diode

L C

Ref [48] 6 2 3 600 W No • Conventional
solution, low cost.

• Limited range of
battery voltage

Ref [50] 7 2 1 5 kW No • Conventional
solution, low cost.

• Limited range of
photovoltaic voltage

Ref [51] 19 3 1 10 kW No
• Possible improved

power density

• The inverter
complexity, losses,
limited range of
photovoltaic voltage

Ref [57] 7 5 2 10 kW NO • Greater reliability

• Complexity of the
control and limited
range of battery
voltage, cannot work
without
photovoltaic input

Ref [65] 7 4 1 4.5 kW No
• Low leakage

current
• High efficiency

• Limited range of
battery and
photovoltaic
voltage, range

Ref [72] 8 3 3 5 kW Yes • High-efficiency,
isolated solution • Voltage Limitation

Ref [74] 13 1 2 1 kW Yes • Isolated solution • Voltage Limitation, not
high efficiency

Ref [75] 8 2 3 1 kW Yes
• Isolated solution
• Simplicity,

high efficiency

• Voltage Limitation

Despite the many benefits provided by hybrid converters, there are some technical
challenges that still need to be resolved to accelerate their practical feasibility. Future trends
that should be followed by researchers in order to develop efficient hybrid converters are
as follows:

• Derived hybrid converters can be further improved to reduce the number and size of
electrical components such as semiconductors, passive elements, etc. This will result
in a reduction in the cost of manufacturing converters as well as their size.

• Derived hybrid converters can be improved to reduce power conversion stages, which
will reduce the total loss of the system.
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• Improved controllers can be designed in order to reduce switching complexity.
• The power quality factors create a major problem when integrating the renewable

energy system with the grid. Therefore, hybrid converters should be developed to
take care of these power quality issues.

• In order to enhance the performance of the power electronics converters, various
improved switches should be developed, such as GaN-based switches. Therefore,
while designing new hybrid converters, improved semiconductor devices must be
employed to augment the performance of the system.

7. Conclusions

This paper presents a review of hybrid converter topologies. It is intended as a
convenient reference for engineers. The main goal of this work was to analyze possible
internal power electronics configurations that can be utilized inside commercial solutions.

The paper presents a review of significant commercially available single-phase and
three-phase hybrid solar inverters. The review shows that the maximum input voltage
range differs between different manufacturers and starts from 480 V and goes up to 1000 V.
The MPPT voltage range also varies depending on the manufacturer. At the same time, the
battery input voltage range is significantly smaller as is battery power.

The review also shows that most solutions are built based on a configuration consist-
ing of a boost converter and VSI, while a bidirectional dc-dc converter provides power
exchange between the battery and a common dc-link. Furthermore, solutions can be di-
vided into isolated (have an isolated battery and/or load) and non-isolated. In addition,
many different and more complex solutions have been proposed that are doubtful for
practical utilization.
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ABSTRACT In this paper comprehensive evaluations of isolated high step-up dc-dc topologies have been
investigated. These converters are especially well suited for distributed generation systems utilizing re-
newable or alternative energy sources that need a wide input voltage range with load regulation. With
this in mind, this work primarily concentrates on comparative analysis of various isolated configurations
employed in possible industry applications. Consequently, several isolated structures, including flyback,
forward, push-pull, and full bridge and other similar solutions have been carried out in the literature. For
the purpose of comparative and theoretical analysis, some of the circuit parameters are considered, which
include voltage conversion ratio, semiconductor element voltage stress, component size, and conduction and
switching losses. Furthermore, the selected configurations have been discussed in terms of cost estimation
and financial feasibility. In addition, the design procedure and experimental prototypes of the available
solutions with the main results are presented. Derived from this investigation, the authors provide a guide to
help researchers to identify different isolated topologies with wide input voltage range and galvanic isolation
for prospective research directions within this area.

INDEX TERMS Isolated high step-up converter, distributed generation systems, wide input voltage range.

I. INTRODUCTION
Environmental concerns, including issues like global warm-
ing, the limited availability of fossil fuels, and the need to
decrease carbon dioxide emissions, have motivated the re-
search for cleaner and more sustainable energy sources [1].
Simultaneously, there has been a growing demand for renew-
able energy systems such as solar panels, fuel cells, and wind
turbines in recent years. This increased demand for cleaner
energy options has led to a shift in thinking about operating
grid-connected systems, necessitating the development of in-
novative strategies [2], [3]. In essence, the challenges posed by
environmental issues and the push for renewable energy are
reshaping the energy landscape and how power is generated
and distributed [4], [5].

In recent times, microgrids have gained considerable atten-
tion due to the substantial benefits they offer to both electricity
consumers and power grid operators. Microgrid deployments
are seen as a means to enhance power quality, lower emis-
sions, ease network congestion, reduce power losses, improve
energy efficiency, and potentially enhance the overall eco-
nomic performance of the system [6]. Furthermore, over the
past decade, dc microgrids have garnered significant interest
from both academia and industry. These dc microgrids have
proven to be superior to ac microgrids in terms of reliability,
efficiency, ease of control, integration of renewable energy
sources, and connecting dc loads [7]. The architecture of a
simple dc microgrid with a various power conversion section
is depicted in Fig. 1.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
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FIGURE. 1. A simple architecture of DC Microgrid.

The primary challenge in implementing a dc grid is the
lack of a viable business model. Hence, the power electronic
converters need to be versatile and compatible with both dc
and ac applications [8], [9]. Power electronic structures play
a crucial role in incorporating renewable energy generation
into the power grid, meanwhile their usage is widespread and
expanding rapidly [10].

Solar Photovoltaic (PV) energy is a highly significant
global energy source and is projected to be the leading con-
tributor to electricity generation among all renewable options
by 2040. This is due to its renewable nature, absence of
harmful emissions, and high efficiency. PV power plants are
an effective means of harnessing energy from the sun and
directly converting it into electricity [11] and [12]. However,
PV panels produce very low voltage, and for applications
requiring high voltage, these panels must be connected in se-
ries and parallel configurations. Unfortunately, this approach
increases the overall cost of PV power systems. To address the
issue of low voltage output from PV panels, a high step-up
dc-dc converter is needed to boost the low voltages (typically
20–30 V) to align with the voltage level for distribution of a
dc microgrid (usually 350–400 V) [13], [14].

Lately, there have been numerous advancements in high
step-up dc-dc converters designed to achieve high voltage
gains in both isolated and non-isolated configurations [15],
[16]. In non-isolated setups, where galvanic isolation is not
present, various methods have been employed to enhance
the dc-dc conversion process. These methods include using
coupled inductors, cascading techniques, switched capacitors,
switched inductors, and voltage multiplier cells [17]. They
are used to achieve a substantial voltage boost in a cascade
setup without the need for a transformer, all while maintaining
high efficiency and high-power density [18]. To link energy
sources with lower input voltages to a higher-voltage dc bus,
galvanically isolated dc-dc converters are among the most
promising solutions.

These converters provide isolation to shield the energy
source from significant voltage fluctuations at the load. They

TABLE 1. Main Features Comparison of VF, CI and IS Converters

are efficient in utilizing the energy source, offer more flexi-
bility in handling varying load conditions, and are capable of
working with a wider range of input voltages [19], [20], [21],
[22], [23]. Various established isolated dc-dc converters can
be broadly categorized as Voltage-Fed (VF) and Current-Fed
(CF) converters. Current-fed converters primarily function by
reducing the input voltage through the adjustment of switch
duty cycles [24], [25]. They typically incorporate an output
LC filter, which smoothens the pulsating voltage. To op-
erate as boost isolated dc-dc converters, current-fed dc-dc
converters offer several advantages, including reduced input
current ripple, a lower transformer turns ratio, improved effi-
ciency, lower voltage requirements for rectifier diodes, and the
absence of shoot-through faults in power switches [26]. More-
over, there is another isolated converter called Impedance
Source (IS) converter, which is a combination of VF and CF
converters, and it can have the characteristics of both of them
[19], [27], [28], [29]. To better understanding, the specifica-
tions of these three types of converters been compared with
each other and illustrated in Table 1 [30]. Alternatively, in
different scenarios, isolated converters can be classified into
three primary types: those based on full or half-bridge switch-
ing (BS), single or two-switch PWM, and resonant designs.
Full-BS converters offer high voltage step-up ratios and effi-
ciency but are better suited for high-power applications due
to their numerous switches [31]. For low-power applications
PWM, half-BS, and resonant converters are more practical
[32]. In PWM DC-DC converters, standard configurations
such as Cuk, SEPIC, and Zeta, incorporating galvanic iso-
lation, as well as Forward, Flyback, and Push-Pull designs,
are simple yet may exhibit certain constraints such as reduced
static voltage step-up ratios, high input current ripple, and the
need for high-breakdown voltage diodes [33]. Isolated High
step-up dc-dc converters also can be divided into two types:
passive clamp and active clamp converters.

Passive clamp converters have a simple structure and few
switches but suffer from power losses due to hard switch-
ing of the main switch [34]. Active clamp converters, based
on push-pull, half-bridge, and full-bridge topologies, achieve
zero-voltage switching (ZVS) for switch turn-on and elimi-
nate voltage spikes. However, they may not be highly efficient
or cost-effective in low-power applications due to increased
switch count and complex driving circuits [35].
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Resonant bridge isolated high step-up dc-dc converters ad-
dress issues with soft switching, using parasitic elements for
resonance and featuring a simple structure without clamp cir-
cuits. However, they may cause a significant dc-offset current
in the transformer, increasing its size [36].

This paper presents a comprehensive evaluation of iso-
lated high step-up DC-DC converter topologies for distributed
generation systems using renewable energy sources. Unlike
existing reviews that focus on individual converter types, this
paper conducts a thorough comparative analysis across mul-
tiple configurations, including flyback, forward, push-pull,
and full-bridge converters. The evaluation considers critical
parameters such as capacitor and magnetic sizes, primary side
switch voltage stress, semiconductor conduction losses, and
switching losses, standardized for a fair comparison under
identical conditions of 400 W output power, 20–50 V input
voltage range, and 50 kHz switching frequency, maintaining a
constant 350 V output voltage. The main contributions of the
paper include:

1) Component Sizing Analysis: Introducing a quantitative
approach to compare capacitor and magnetic sizes based
on accumulated energy calculations, aiding in optimiz-
ing component selection.

2) Voltage Stress and Losses Comparison: Utilizing nor-
malized parameters like Voltage Stress Ratio (VSR)
and Conduction Loss Ratio (CLR) to evaluate primary
side switch voltage stress and semiconductor conduc-
tion losses.

3) Switching Losses Assessment: Employing a Switching
Loss Ratio (SLR) to assess the efficiency of switching
losses management across different converter types.

To validate the comparative methodology, a series of ex-
periments were conducted under controlled laboratory condi-
tions. Representative converters, one using coupled inductors
(flyback) and another using a transformer (full-bridge), were
selected for direct performance comparison. This setup en-
sured a fair and equitable comparison of efficiency, losses,
thermal characteristics, and cost-effectiveness under similar
operating conditions.

By evaluating key performance indicators crucial for real-
world applications, such as efficiency under varying loads,
detailed losses analysis, thermal behavior, and cost consider-
ations, this paper provides practical insights into the strengths
and weaknesses of each converter type. Unlike many the-
oretical studies, this paper bridges theory with practice by
incorporating experimental validation. The classification of
converters into coupled inductor-based and transformer-based
categories, based on their operational principles, aligns with
the distinctions made in the introduction and the main body of
the paper. This classification is essential for understanding the
different converter types and their applications in renewable
energy systems. The paper is structured as follows:

1) Section II provides an overview of the competitive solu-
tions.

2) Section III delves into the methodology for comparative
evaluation and offers guidelines for component design.

FIGURE. 2. Classification of high step-up DC-DC converters.

3) Section IV offers experimental evaluation of the pro-
posed solutions.

4) Finally, Section V presents the conclusions drawn from
this study.

Overall, this paper aims to guide engineers and researchers
in selecting optimal DC-DC converter topologies for diverse
renewable energy applications, contributing significantly to
the field by combining theoretical insights with practical vali-
dation.

II. OVERVIEW OF COMPETITIVE SOLUTIONS
The concise summary of the categorization of high step-
up DC-DC converters for both isolated and non-isolated
types is illustrated in Fig. 2. This paper primarily concen-
trates on isolated dc-dc converter topologies. Several isolated
high step-up dc-dc converters have gained prominence in
the industry due to their efficiency, capability, and suitabil-
ity for applications such as single-phase PV application.
The conventional isolated converters, as shown in Fig. 2,
include coupled-inductor based converters like Flyback, iso-
lated SEPIC, and transformer-based converters consisting of
various topologies such as forward, Push-pull, voltage-fed
half-bridge, voltage-fed full-bridge, current-fed half-bridge,
current-fed full-bridge, resonant half-bridge, and resonant
full-bridge. These converters are widely used based on their
inherent characteristics, performance metrics, and suitability
for specific applications. Table 2 provides a concise merits
and demerits of main features among the conventional isolated
high step-up dc-dc converters. In next sub-sections, a set of
these solutions has been explained and discussed.

A. COUPLED INDUCTOR BASED ISOLATED SOLUTIONS
The isolated SEPIC, is one of the coupled inductor based
isolated converter, commonly used in renewable application,
which has advantages like low-input current ripples, minimal
EMI, and versatile outputs. These converters possess a fun-
damental flaw, experiencing notable voltage stress on switch
devices that is on par with the combined magnitude of both
output and input voltages [37], [38], [39].

Flyback based converter, with its coupled-inductor based
isolation, is known for its simplicity and cost-effectiveness.
It is suitable for low to moderate power applications [40],
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FIGURE. 3. Several isolated high step-up DC-DC converters for dc-microgrid applications, (a) Flyback based converter [47], (b) Forward based converter
[52], (c) Push-pull based converter [54], (d) Half-bridge based converter [56], (e) Current-fed FB with clamp capacitor [58], and (f) Current-fed resonant
converter [67].

TABLE 2. Comparison of Conventional Isolated Converters

[41], [42], [43], [44], [45]. The conventional flyback con-
verter topology has drawbacks that limit its performance in
some applications. Some issues include high voltage spikes
and oscillations caused by leakage inductance in the main
transformer, reducing efficiency and risking switch and diode
damage. Furthermore, the main switch requires a high voltage
rating due to the summation of input and reflected output volt-
ages [46]. Fig. 3(a) depicts a two-switch flyback PWM dc–dc
converter with active snubber [47]. The proposed converter
introduces a dual-flyback high step-up, enhancing voltage
gain while minimizing turn ratios. Increasing voltage gain and

reducing switching losses are achieved by coupling two series
secondary inductors.

To minimize input current ripple, the two primary sides are
interconnected in a parallel configuration.

B. TRANSFORMER BASED ISOLATED SOLUTIONS
The forward converter is one of transformer based isolated
solutions that extensively employed in applications requir-
ing low to medium power supplies, primarily owing to its
straightforward design and cost-effectiveness. Nonetheless,
it possesses two primary disadvantages: When the switch is
deactivated, the energy confined in the magnetizing induc-
tance within the core results in transformer saturation, and
the transformer’s leakage inductance subjects the switch to
substantial voltage stress [48], [49], [50], [51]. Ref. [52]
introduces an innovative Active-Clamp Forward Converter
(ACFC) incorporating a lossless snubber on the secondary
side to mitigate voltage spikes on the free-wheeling diode and
forward-rectifier diode. Fig. 3(b) depicts the circuit configura-
tion of the suggested converter.

The Push-Pull based converter is other transformer based
isolated solution, which utilized in single phase PV applica-
tions. This converter is known for its simplicity and reduced
component count, is often chosen for applications where isola-
tion and high step-up ratios are essential. While cost-effective
and efficient, it may face challenges in EMI [53]. One push
pull based converter with Three Winding Transformer (3WT)
has been illustrated in Fig. 3(c) [54]. This configuration’s
primary benefit lies in its capacity for achieving a high voltage
gain, operating with ZVS, and offering a wide operational
range suitable for applications like PV microconverters.

A half-bridge converter finds wide application in motor
drives, power supplies, battery chargers, and renewable en-
ergy systems. Similar to forward and push-pull converters,
it can generate variable output voltages and offer electri-
cal isolation. Despite its more intricate design compared to
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forward or push-pull converters, the half-bridge converter
delivers greater output power using fewer and cost-effective
components [55]. Ref. [56] (Fig. 3(d)) explored an effi-
cient quasi-resonant boost half-bridge dc–dc converter for PV
micro-inverters, with a wide input voltage range. The design
optimized conversion using a voltage doubler and snubber ca-
pacitor, eliminating DC-magnetizing currents in transformers.
Employing quasi-resonance in switches and diodes achieved
ZVS, minimizing turn-off losses.

The isolated Full-Bridge (FB) converters, which is another
transformer based solution, offers improved efficiency and
reduced stress on components compared to its half-bridge
counterpart. Its full-bridge configuration allows bidirectional
power flow, making it suitable for applications demanding
higher power density [57]. In [58], which demonstrated in
Fig. 3(e), a current fed FB with wide input voltage range has
been presented. The voltage spike throughout this converter
has been decreased because of using clamp capacitor.

Resonant converters, notably the LLC type, are gaining
attention for their outstanding performance [59], [60], [61],
[62], [63], [64]. Their benefits and drawbacks vary based on
application needs like power density, efficiency, cost, com-
plexity, and reliability [65]. The LLC converter, with low
EMI, high power density, and ZVS capability in switches,
is particularly favored. In high-step-up PV applications, LLC
resonant converters operating at resonant frequencies are
preferred for efficient power conversion [66]. Nevertheless,
integrating additional components leads to increased magnetic
loss, costs, and complexity within these converters. In [67]
(Fig. 3(f)), a resonant dc-dc converter was created with the
aim of attaining input currents devoid of ripples. Through the
maintenance of a consistent duty cycle and the incorporation
of a resonant circuit on the secondary side, this converter
reduces turn-off currents and minimizes switching losses, ul-
timately enhancing efficiency.

III. COMPARISON METHODOLOGY OF ISOLATED
SOLUTIONS
In this section, a comprehensive comparison of solutions
depicted in Fig. 2 is conducted using a methodology that
considers key parameters such as follows:

1) Capacitor size
2) Magnetic size
3) Primary side switch voltage stress
4) Primary side semiconductor conduction losses
5) Switching losses
The design parameter of comparison for all converters has

been indicated in Table 3.
Capacitor size impacts energy efficiency, inductor size

influences energy transfer, and high frequency transformer
dimensions, which are magnetic elements, affect overall sys-
tem size and efficiency. Analysis of relative conduction and
switching losses of semiconductors provides insights into
system efficiency and control mechanisms. Additionally, eval-
uating primary side switch voltage stress informs about
component reliability. In a very general case, the fundamental

TABLE 3. Design Parameter of Comparison for All Converters

waveforms of a converter are independent of the selection
of components and electric parameters (e.g., switching fre-
quency, selected semiconductors) and result from the basic
modulation scheme, yielding some general requirements for
the dimensioning of the components [68]. This approach of-
fers a nuanced understanding of the strengths and weaknesses
of each solution, aiding engineers and researchers in optimiz-
ing these converters for diverse applications. It was applied in
some other research works [69], [70].

A. MAGNETIC AND CAPACITORS SIZE COMPARISON
For comparing capacitor and magnetic sizes among the
solutions, a methodology relies on calculating the total accu-
mulated energy in these elements. This quantitative approach
evaluates their energy storage capacities, providing insights
into efficiency. The analysis also considers total conduction
power loss, offering a holistic perspective on how effectively
each solution manages power flow through these components.
Therefore, the following equations has been utilized:

n∑

i=1

ECi = 1

2
CiVCi

2, (1)

m∑

j=1

EL j = 1

2
L jIL j

2. (2)

In the above equations, EC, EL, VC, IL, n and m are respec-
tively the accumulated energy in capacitors and inductors, the
voltage across the capacitors, the current through the induc-
tors, number of capacitors and number of inductors.

B. PRIMARY SIDE SWITCH VOLTAGE STRESS COMPARISON
To compare the primary side switch voltage stress (Vstress) of
switches, a normalized parameter called the Voltage Stress
Ratio (VSR) can be used as follows:

V SR = Vstress

Vout
. (3)

This ratio provides a comparative measure that considers
the impact of the voltage stress relative to the output voltage.
A lower VSR indicates that the primary side switch voltage
stress is a smaller proportion of the output voltage, which
can be useful for evaluating the stress level on the switch in
relation to the desired output voltage.
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C. PRIMARY SIDE SEMICONDUCTOR CONDUCTION
LOSSES COMPARISON
The primary side semiconductor conduction losses in men-
tioned converters are compared based on normalized param-
eter known as the Conduction Loss Ratio (CLR). The CLR
is expressed as the ratio of the conduction losses to the total
power:

CLR = PCondcution

Pout
. (4)

In (4) Pout is the total power of the converter and Pconduction

represents the total conduction losses in the primary side semi-
conductor devices that define as follows:

Pconduction =
N∑

i=1

RonI2
RMSi. (5)

IRMS is the Root Mean Square (RMS) current flowing
through the semiconductor device during conduction, and Ron

is the ON-state resistance of the semiconductor device.

D. SWITCHING LOSSES COMPARISON
The switching loss ratio (SLR) is defined as the ratio of the
switching losses to the total power for this comparison as
follows:

SLR = Pswitching

Pout
. (6)

The switching losses (Pswitching) occur during both turn-on
and turn-off events are influenced by semiconductor parame-
ters such as the switching frequency, device capacitances that
we assume to be similar to all compared solutions, while the
voltage and current waveforms during switching are define by
the selected topology and are expressed as follows:

SL ∼=
NS∑

i=1

〈
îSi · v̂Si

〉

T

. (7)

In (7), the average of the product vSi and iSi throughout
a fundamental period T serves as an appropriate indicator
for assessing switching losses. Besides, SLR provides a com-
parative measure for evaluating how efficiently the converter
handles switching losses relative to the total power. Based on
the mentioned specification for methodology of comparison,
the converters presented in Fig. 3 from each family of isolated
converter has been compared with each other that is indicated
in Fig. 4.

The comparison performance of each converter separately
has been illustrated in Fig. 5. It is essential to emphasize that
this comparative analysis is specifically implemented with an
output power set at 400 W. The input voltage ranges between
20 V and 50 V, with a consistent switching frequency of
50 kHz, while the output voltage is maintained at a constant
350 V. To ensure a comprehensive and fair comparison, not
only is the output power standardized, but the duty cycle and
other dynamic switch configurations are also kept consistent

FIGURE. 4. Overall comparison of the isolated converters form each family
based on key parameters.

across all converters. It’s worth noting that isolated high-
step-up converters typically incorporate a voltage multiplier
rectifier on their secondary side, a common feature among
most isolated converters.

As a result, specifications related to the secondary side,
such as the voltage stress of diodes and conduction losses,
have been omitted from this comparison. This intentional ex-
clusion allows us to focus specifically on the primary aspects
influencing performance, providing a standardized basis for
evaluating the efficiency and effectiveness of the convert-
ers. This meticulous approach ensures that the comparison
is not only fair but also comprehensive, enabling a detailed
examination of the converters’ performance under consistent
conditions.

In general isolated converters have been extensively em-
ployed across different power levels, frequently as adaptations
of non-isolated converters [71] and [72]. As previously noted,
DC-DC converters featuring galvanic isolation can be clas-
sified based on the energy transmission element as either
transformers or coupled inductors [26]. Even though both
transformers and coupled inductors share the commonality
of having multiple windings on a magnetic core, their oper-
ational principles and roles in switching converters exhibit
significant variations [73]. Transformers are the favored op-
tion for achieving galvanic isolation due to their noteworthy
power density, making them a popular choice for high-power
applications. Conversely, converters based on coupled in-
ductors present a more efficient solution characterized by a
smaller size and weight. Moreover, they find common use in
applications with lower power requirements [74].

IV. EXPERIMENTAL EXAMPLE OF ISOLATED DC-DC
CONVERTERS
To validate the comparison methodology, a series of ex-
periments with various configurations was conducted in the
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FIGURE. 5. Performance Comparison of the isolated converters, (a) Flyback based converter [47], (b) Forward based converter [52], (c) Push-pull based
converter [54], (d) Half-bridge based converter [56], (e) Current-fed FB with clamp capacitor [58], and (f) Current-fed resonant converter [67].

FIGURE. 6. The experimental prototype of the isolated converters, (a) Flyback based converter, (b) FB based converter.

laboratory. In this specific comparison, the flyback converter
was chosen from the family of isolated converters due to its
reliance on the coupling inductor. Similarly, the full-bridge
converter, selected from the same family of isolated convert-
ers, was chosen based on its use of a transformer. Moreover,
Fig. 6 illustrates the experimental prototypes of each con-
verter.

It’s crucial to emphasize that the flyback converter show-
cased in this study was meticulously designed for PV mi-
croinverter applications and includes additional components
because of its performance [45]. However, for a fair and
focused comparison, only the DC portion of the flyback
converter was considered. This deliberate choice enables
a comprehensive and equitable evaluation of the essential

aspects pertinent to the comparison. The parameter speci-
fications for both converters are provided in Table 4. Both
converters underwent testing with an input voltage range of
20–60 V and a power rating of 400 W. The experimental
waveforms for both the flyback-based high step-up converter
and the full-bridge (FB) based converter are presented in
Fig. 6. It is crucial to note that these waveforms were ob-
tained with an input voltage fixed at 40 V and a constant
output voltage of 350 V. In Fig. 7(a), the waveforms for input
voltage (Vin), output voltage (Vout), and input current of the
FB-based converter are displayed. Notably, the input current
ripple content is approximately 20 %, indicating an acceptable
level for this type of converter. Fig. 7(b) depicts the voltage
and current waveforms of the main switches of the FB-based
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FIGURE. 7. Experimental measurement of the isolated dc-dc converters, (a) Input voltage (Vin), output voltage (Vout) and input current of FB based
converter, (iin) waveforms, (b) current and voltage waveforms of switches S1 and S2 of FB based converter, (c) current and voltage waveforms of diode D1

and D2 of FB based converter, (d) Input voltage (Vin), output voltage (Vout) and input current (iin) of flyback based converter, (e) current and voltage
waveforms of switches S1 and S2 of flyback based converter, (f) current and voltage waveforms diodes D1 and D2 of flyback based converter.

TABLE 4. Specification of the Isolated Converters

converter. From this figure, it is observed that the voltage
stress on the two main switches is around 90 V, which is four
times smaller than the output voltage. Moving to Fig. 7(c),
the voltage and current waveforms of the voltage multiplier
rectifier diodes (D1 and D2) are illustrated. The voltage stress
on the output diode matches the output voltage, a typical char-
acteristic in converters of this kind. Switching our attention to
the isolated flyback converter, Fig. 7(d) showcases the input
voltage, output voltage, and magnetizing current waveforms.
A comparison with the FB-based converter reveals that the
input current ripple of the flyback-based converter is generally
higher. In Fig. 7(e), the voltage and current of switches S1

and S2 are presented, indicating a maximum switch voltage of
around 120 V. In terms of voltage stress evaluation, although
each switch’s voltage stress in the FB-based converter is lower
than that of the flyback-based converter, the total voltage
stress in the FB-based converter is higher when compared
to the flyback-based converter. Finally, Fig. 7(f) exhibits the
voltage and current waveforms of the output diodes, revealing
that their voltage stress is twice as high as the output voltage.
While this may suggest high stress on the output diodes, it is
noteworthy that there are also flyback-based converters men-
tioned in previous studies [45], where the output diode voltage
stress aligns with the output voltage. In summary, the wave-
forms analysis indicates distinct performance characteristics
between the flyback-based high step-up converter and the FB-
based converter. The FB-based converter demonstrates lower
voltage stress on individual switches but higher total voltage
stress. The output diodes in the FB-based converter exhibit
higher stress, yet it’s important to recognize that similar stress
levels have been reported in certain flyback-based converters
according to prior studies [45]. Choosing between the two
converters depends on the specific application requirements
and observed waveform characteristics

In order to provide a thorough comparison between coupled
inductor-based and transformer-based structures, various key
performance aspects have been analyzed and presented in
Fig. 8(a)–(e) for both converters. These figures offer insights
into the efficiency curve, losses breakdown of the power cir-
cuit, and thermal characteristics of the main switches for both
FB based and flyback based converters.

In Fig. 8(a), the efficiency curve shows the performance
of the proposed converters across a range of output power
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FIGURE. 8. Efficiency, power loss curve and thermal image flyback based
and FB based converters, (a) Efficiency curve versus output power, (b) Total
losses breakdown of the components in FB based converter, (c) Total
losses breakdown of the components in flyback based converter, (d)
Thermal image of the main switch in FB based converter, (e) Thermal
image of the main switch in flyback based converter.

levels, differing from light load to full load conditions. It is
evident from this figure that the FB based converter exhibits a
notably higher efficiency when compared to the flyback based
converter. Fig. 8(b) and (c) present a detailed breakdown of
losses within the power circuit for both converter types. The
analysis reveals that the predominant source of losses in both
converters is attributed to magnetic elements.

FIGURE. 9. The cost graph of the image flyback based and FB based
converters for different numbers of assemblies.

This commonality underscores the intrinsic nature of losses
associated with these components. Notably, the Flyback con-
verter introduces additional losses in the form of snubber
circuit losses, which are conspicuously significant.

This observation raises considerations for optimizing the
snubber circuit design to mitigate its impact on overall ef-
ficiency. Furthermore, the temperature curves of the main
switches for each converter, as depicted in Fig. 8(d) and
(e), highlight the thermal characteristics under the specified
operating conditions. Based on this Figs, both converters
demonstrate satisfactory thermal performance in this sce-
nario, indicating that neither converter is adversely affected
by excessive heating issues. In Fig. 9, the cost comparison
between full-bridge and flyback converters reveals an interest-
ing insight. Despite the full-bridge converter showing higher
efficiency, the overall cost of the flyback converter is sig-
nificantly lower. In essence, while efficiency is undoubtedly
a critical factor in converter selection, the general consider-
ation of cost-effectiveness, proves the practical appeal and
widespread utilization of flyback-based converters across var-
ious industrial sectors.

This cost advantage is a key reason why flyback converters
are commonly preferred in various industrial applications.
The simplicity of the flyback topology, requiring fewer com-
ponents and offering straightforward implementation, con-
tributes to its cost-effectiveness. This economic advantage
makes flyback converters a widely adopted and practical solu-
tion in the industry for low power applications

A comprehensive evaluation has been conducted to com-
pare the flyback-based converter [45] with the FB-based
converter across various crucial parameters such as total volt-
age stress on primary switches, component count, volume,
size, power density, full load efficiency, and cost. The detailed
findings are summarized in Table 4, providing an insight-
ful overview of the performance characteristics of the two
converters. Fig. 10 further elucidates the comparison by pre-
senting the specifications of the Flyback-based and FB-based
prototypes. Upon careful examination of both the Table 5 and
the graphical representation in Fig. 10, it becomes evident
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FIGURE. 10. The specification of the comparison between the Flyback
based and FB based prototypes.

TABLE 5. Specification of the Two Converter Comparison

that the flyback-based converter exhibits superiority in several
aspects when compared to the FB-based converter. Despite the
high efficiency of the FB-based converter, it is noteworthy that
it incurs elevated costs and experiences increased total voltage
stress across the switches, unlike the flyback-based coun-
terpart. Notably, the flyback-based converter demonstrates a
favorable combination of high power density and a reduced
number of components, contributing to an overall cost reduc-
tion in the converter assembly.

In a comparative analysis between the flyback based con-
verter and the FB based converter, it is initially observed
that the flyback converter imposes a higher voltage stress
on a switch than the FB counterpart. However, considering
the number of switches, the overall voltage stress of the
full-bridge converter surpasses that of the flyback converter.
Additionally, alternative flyback converters, such as the one
presented in [47], demonstrate parity in voltage stress with
the full-bridge converter for individual switches.

Based on comprehensive theoretical analysis and the prac-
tical results showcased for converters within the transformer
and coupled inductor family, it is evident that several key
parameters must be considered for the effective deployment
of these converters in industrial applications. These crucial
parameters include, but are not limited to, the number of
elements, efficiency, and notably the cost. In the realm of in-
dustrial applications, the selection of an appropriate converter
structure demands a precise evaluation, taking into account
the complicated balance between these fundamental criteria.
Efficiency, cost-effectiveness, and the specific requirements

of the intended application all play fundamental roles in de-
termining the optimal choice. This consideration is superior in
achieving not only optimal performance but also cost-efficient
and sustainable solutions for different industrial applications.

V. CONCLUSION
This paper presented a comprehensive evaluation of isolated
high step-up dc-dc converters, emphasizing their applicabil-
ity in distributed generation systems powered by renewable
energy sources. The overview of competitive solutions high-
lights the importance of power electronic structures in incor-
porating renewable energy into the power grid, emphasizing
their widespread and rapidly expanding usage. Through a
comparative analysis, key parameters such as voltage conver-
sion ratio, semiconductor element voltage stress, component
size, and conduction and switching losses are considered.
The selected configurations are also assessed in terms of cost
estimation and financial feasibility. The investigation aims to
guide researchers in identifying suitable isolated topologies
with wide input voltage ranges and galvanic isolation for
future research directions.

The comparison methodology is provided as systematic
approach, considering capacitor and magnetic sizes, pri-
mary side switch voltage stress, primary side semiconductor
conduction losses, and switching losses. The experimen-
tal examples of isolated dc-dc converters, specifically the
flyback-based and full-bridge-based converters, validate the
methodology and showcase distinct performance characteris-
tics between the two.

The efficiency curve, losses breakdown, thermal char-
acteristics, and cost comparison provide a comprehensive
understanding of the trade-offs between the flyback and FB
converters. Despite the higher efficiency of the FB converter,
the cost-effectiveness of the flyback converter, attributed to its
simplicity and fewer components, demonstrates its practical
appeal in various industrial applications.

In conclusion, based on the comparative analysis and ex-
perimental validation, the paper recommends considering
specific application requirements when choosing isolated high
step-up dc-dc converters. The findings emphasize the im-
portance of balancing efficiency and cost-effectiveness for
practical implementation in distributed generation systems us-
ing renewable energy sources.
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nopqrstuvwxytzv{|vwxo|vxyt}tpvwxpr~x��yyt{{x�{t�vs|tp�xr�x�vzq{ryr���x�r�{yr�wvwxr{xno�o|px�������x�px��~��~��x���x�sr}x����x��yrsv�xx�v|pstzptr{|x���y��x



����������	���
��
��������������������
�����������������������������������������
������������
����
�����
���� !�����������������
�����������������
����������"�����
���
�����������
����##$ 
��������
������"�����������������
�������"%���
�
�����������
�����������
��&' 
��
�����������
������
��������������( )
������*(+,��
����
��
���� 
�������������"�
����
������������
���������������� 
���-�������
�����
�
"����������
����
�$..

��
��������/�����"�
��" 
��������������
������0�������������������
���
�����
���/�����" 
����-���������������������/�����"��1( )(2��
�����������������������
������1( 3*2 ��
����������������
��� 
���������������������������������������
���������������������
������
�������
���������������������������
�����������
��� 456545��5	789: $��0�"%; < ������=��>%: ?�����@�A��@����%���. =����%B
�����
�����������!#���
����
����"�
��%CDEFGHIJKLFM&KNOKPIQRSHI%��� T(%�� 8+%�� 8+*'U8+T'%V�� '+83 7'9, W���X��.����%Y #�������%# ?�������#�����
�%Z ?�����%���
 !����[����\�%B!#�!#������
�������������������������
������������]Y��������������������������
��
�������
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������%C��JMKGÎDDD~HnP̂HI&KPyIJKLFMDEFGHMKPI|D&&D}%V�>�%u�����Z��
��%'+88%�� '3)'U'3)3 7889e Z���@@�%. $�

������%���Y #��
������%BA����
��������
����������
���
����
����
������
�x"���0�����
�����������
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���%ĈDDD_IDNFM̀IQFEIaKObGSJKLFMDEFGHMKPI%��� )%�� '%�� 8*8+U8*'1%V�� '+'+ 

6������ 5������������������������������������������������������� ��� ��¡��¢�����������������£������������
¤¥¦��	§̈ ���� ��©6�4ª¥4«�¬¥	5««��«�����54¦54ª�¦§5��¤��¥¦5«�5¥̈ ¥­5��«��¦¥��5®4�¬�5¤ �̄°±

²³́µ¶·̧¹º»¼½̧¾º¿Àº»¼³Àº¼½̧Á̧ º́»¼́¶Â¼ÃÄ½½̧¿¿¼Å¿̧Æº·À̧́Ç¼¶È¼Ãº¾µ¿¶½¶ÉÇÊ¼Ë¶Ì¿½¶Ä»º»¼¶¿¼²³É³À́¼ÍÎÏÍÐÍÑ¼Ä́¼ÒÍÂÍÓÂÐÓ¼ÅÃÔ¼È·¶Á¼ÕÖÖÖ¼×Ø½¶·ºÊ¼¼ÙºÀ́·̧¾̧́¶¿À¼ÄØØ½ÇÊ¼



��������	
���
�		���������	
�����	
���
��	
����	
������
���
�������� ����� ���� 	��!�����
��� ��"# ������$���%���
�$�	
�����	���� $�&�
'()*+,---./01,20+3)24+3)5670+8')9:(-;:*0()2+')9:(-2<+=3'-'>?-@-ABC���
��������D�
!	�E�FG�H�����IJ���F�K�L	 ��"�E�
�K�M�"���M���"�	���D�N�

�E���	
�O�� �P����E���Q�" R����� �������$�	�E����	����R����
��� ���&�
'()*+,---S66;+')9:(-;:*0()2+3)24+-T6)+=S'-3C�U�
�
�	���Q��V���FGFW����F�GJIF����������
�
R�		E��	
����!�	
��L�� ������ �� X$�	�E��
��� ��"# ���������� �� �	�	�� ��"�
"�	��
� �������
 "��"���
�	�$��
��
�"�&�
'()*+Y.Z0S22[+,---3)24+')9:(-;:*0()2+\6:*]7;]Z0Z��	
�
 �
���̂_�V����HHG���W�O�`�a���E"�
 	
� D�L	E"�!�����b[2c75:207;Z)4')9:(-;:*0()2]*Z+d�����E�d��V��#e�����fg��
�!g����"���"�FGG����h�Q�R��U����i!����������	�� ��������"���DQRDQ	�����	 ��
"�� ����� R�
�
�� %� ���&g��D��""�� 	 ��
�N����
�	g��$ ����i
" �	
�� 	 �V
����
�	�E"�����N��V���FGGJ���J�O�d��M	"	
	��̂�̂	�%E�	
�K��� $	�	 �	��i!�	� �� �	
"���!��j"��	E	���
��� 	
���
�� $�$����
�"��	 ����R����
��� ��"�&,20+k+\57(0B(]c3;:72-2:(<l�����H�
�������J�IJm��	
�FGFG�nopqrstuvwsxyzr{qyt|}~��~��������~�~��~���~��������}�����~��~~�������������~�~���������������~������������������~��������~������������~�������������~��� �� ¡ ��� �� ¢��~�£~����~�������~¤��¥��~��~~��£�¦~�~�~������������� �����������~��������~��������������������������������§~������~����� ~̈�~����~�¦�����~¥~£�����~������~������������~~����������������~��������~���������§���~�~�������~�~���������~£�¦~�~�~����������~¦��£������~�������������������~������~��£����������~���~�����£��������������~���������~�������������������������~����©�~����£�¦~�~�~������������~��~���nopqrstuvªzrp«|�~����}~��~��������~�~��~���~¤��¥��~��~~������������~�~���������������~��������~����~���������������������¬���~�������~��~��������~�­����������~����� ��§~������~������~����̈ ~�~����~����¤���®~�� ~̄��~�¦�����~¥~£����~������~�������¤�¦~������~~���� ��� }~����������������������~��������~������������������������������¬�������~¤���~����¦�����~¥~£����~�����̈����~�����������~��~�����~�����~�������¤����~�����������������~��������~�������������~�§���~�~�������~�~���������~£�¦~�~�~������������~������~���£������~�����������������~��~�£���������������������������~�����������������££��~�£�¦~�����~��~���������������~��~��������������������~����������

ª°rrpyt±²r{svy|����~��}~��~�������¦��������³��®���������� ́ µ́�§~�~�~��~���~�����~��~~��~�~�������~����~~���������~��������~�������~�������������� ́������~}����~��~~��~�~�����������¦��~�����~~�������� ��������~����������~��~����~����������~�����������������§~�������~����¦��������¦�����~¤��¥��~��~~��£�¦~�~�~��������¦��������������~��������~��������|����~��������������������§���~�~�������~�~���������~���~������������������~������£�¦~�~�~�����������~��~���£�¦~�~�~�����������������~�����������~��~����������~��~�������������������~�~�����~��~���}��¬�������~�~��~���~�~��¤�£~�¬¦�����̈ ���¶�����~�~��~�������� ·tvy̧zp¹°ºpv°»¼sus«so|�~����}~��~��������~�~��~���~}�����~��~~������������~�~�������~����~~����������~����~������¤�����½����~���������}�������£������ ́ �́������~¤��¥��~��~~��~�~����������~�~�������~�����~~�������� ��~����~�������~�¾��~�����������®�¿��£���������À�§~¦������¤�¦~���~��������Á����¤���~����¦�����~����~��������¾��~�����������®�¿��£�������~�������¤�¦~���~������������~������������~��|¤�Â��� Â̈¥Ã���£¦�����~�����������������������~~�����§~������~����¤�~���~�����£������~�������������§���~�~�������~�~���������~£�¦~�~�~���������££��~���£�¦~�����~�����~����£�¦~�©������������~£�¦~�����~���~�~������~����~�������������~�~���������~�����~�~¦���~~�~����~�����~��¼svo°r¹°tÄpv°»¼opºptxp|�~����}~��~��������~�~��~���~���~���������¤��¥��~��~~��~�~��������~�~������������������~����~~�������� ��~����~��������¾��~�����������®�¿��£�������� ¡�¥�������~¤��¥��~�~������~¦���Å�����������~��¦��������������~��������~�����������������������������¬����������~������¬�������¥~������§~¦���¤����������� ~̈�~����~�¦�����������~�������̄������̄������¤�������������� ¡���� ́�§~������~������¬�������~¤���~������~�~�������~����~~��������~����̈ ~�~����~�¦�����~����~���������¾��~�������§~����~�����������~����À�®������������~����¢����~�������������~�~��~��§���~�~�������~�~���������~£�¦~�~�~����������£�����~����������������~�~¦���~~�~����££�����������������������

 ¡À¢ �����̈ ¬��¬���¶��¶���¥���̈ �¬̄ �̄���̈ ¶�����Å¶̄ �µ���¶���Á��̈ �¬̈ Æ���Ç

ÈÉÊËÌÍÎÏÐÑÒÓÎÔÐÕÖÐÑÒÉÖÐÒÓÎ×ÎÊÐÑÒÊÌØÒÙÚÓÓÎÕÕÒÛÕÎÜÐÍÖÎÊÝÒÌÞÒÙÐÔËÕÌÓÌßÝàÒáÌâÕÓÌÚÑÐÑÒÌÕÒÈÉßÉÖÊÒãäåãæãçÒÚÊÒèãØãéØæéÒÛÙêÒÞÍÌ×ÒëìììÒíîÓÌÍÐàÒÒïÐÖÊÍÎÔÊÎÌÕÖÒÚîîÓÝàÒ





145 

PAPER VI 

H. Afshari, O. Husev and D. Vinnikov, “A Novel Isolated Buck-Boost dc-dc Converter with
Wide Range of Voltage Regulations,” 2023 IEEE 17th International Conference on 
Compatibility, Power Electronics and Power Engineering (CPE-POWERENG), Tallinn, 
Estonia, 2023, pp. 1–6, doi: 10.1109/CPE-POWERENG58103.2023.10227443. 





���������	��
����
����
��	�����������������������������
�����������
��������
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��F������������7��$,�I"������ �-�!�����������������-����������- ���87-87������������!�����������������������������,I�YK�]MTŴ�T_�:̀6=�QJJJ�=Xm�QKXLMKdXYTKdV�hTK_LMLKWL�TK�STULM�JKNYKLLMYKNy�JKLMNO�dKe�JVLWXMYWdV�9MYoLZ�iSp|JfJqsj,�����,�������,�%1.(,�����.41-.4(��C.\D�H�����?!��,�
��F��?��,�+��-F��?!�������?��-F�����,�IF���-
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PAPER VII 

H. Afshari, D. Vinnikov, O. Matiushkin, O. Husev, and M. Malinowski, “A Cost-Effective 
Non-Isolated Forward-Based Universal Microconverter for PV: Comparison with 
Interleaved Single-Stage Flyback Topology,” 4th IEEE International Conference on Power 
Electronics Smart Grid and Renewable Energy, December, 2025, IIT Dharwad, Hubli, 
Karnataka, India.  
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