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SOA Safe Operating Area 
SoC State of Charge 
SoH State of Health 
SPWM Shifted Pulse-Width Modulation 
SRC Series Resonant Converter 
SRIBBC Series Resonant Isolated Buck-Boost Converter 
SSCB Solid-State Circuit Breaker 
SSI Single-Switch Inverter 
SSR Single-Switch Rectifier 
TL Three-Level 
TLI Three-Level Inverter 
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TQBI Three-Quarter Bridge Inverter 
UPEI Universal Power Electronic Interface 
VDR Voltage-Doubler Rectifier 
VFR Voltage-Fivefolder Rectifier 
VQR Voltage-Quadrupler Rectifier 
VSR Voltage-Sixfolder Rectifier 
VTR Voltage-Tripler Rectifier 
ZCS Zero-Current Switching 
ZVS Zero-Voltage Switching 
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1 Introduction 

1.1 Background 
The European Commission has set the Energy Directive to at least a 55% reduction in 
greenhouse gas emissions and a 40% increase in the use of renewable energy sources in 
buildings by 2030 [1]. As reports show, residential and commercial buildings contribute 
close to 40% of the total energy consumption in the European Union and the U.S.A. [2]. 
This constantly expanding sector is bound to increase its energy consumption and carbon 
footprint [3]. 

One of the solutions for achieving these targets is to install photovoltaic (PV) systems 
in residential buildings. As reports show, the annual growth rate of new grid-connected 
PV systems worldwide has increased from 30 GW/year in 2012 to over 175 GW/year in 
2021 [4], [5]. This trend is primarily associated with the proliferation of utility-scale and 
residential PV systems, which showed an increase in their cumulative installed capacity 
of 19% and 41%, respectively, in 2021 [6]. According to the forecasts, the distributed 
solar PV capacity can reach over 530 GW by 2024 [7]. 

On the other hand, using a dc microgrid instead of the utility ac grid can save more 
than 11% of energy consumption in residential or small-commercial buildings [8], [9]. 
This results from PV modules and battery energy storage being naturally dc energy sources. 
Moreover, many consumer electronic devices and home appliances are inherently dc loads 
or feature an intermediate dc bus, such as chargers for phones or laptops, TVs, LED 
lighting, etc. In this case, dc microgrids prevent unnecessary double energy conversion 
(dc-to-ac and ac-to-dc) between energy sources and loads. At the same time, dc microgrids 
also provide the opportunity to integrate battery energy storage directly without 
transforming energy into ac. A battery energy storage is required in energy-efficient 
buildings to maximize self-consumption.  

An example of a residential power system based on the dc microgrid is shown in 
Figure 1.1. The dc microgrid consists of the centralized dc bus, an interface inverter for 
connecting to the utility grid, distributed energy sources, and storages. The centralized 
inverter operates as a master for voltage regulation in the dc microgrid. A nominal 
voltage of 350 V is considered based on the Dutch national practical guidelines NPR 9090 
[10] – the available recommendations for dc buildings in the EU. 

1.2 Motivation of the Thesis 
Front-end dc-dc converters are required for interfacing PV modules and batteries into dc 
microgrids. However, manufacturing various specific front-end converters for each type 
of energy source increases the cost of the final products. In addition, handling different 
stock-keeping unit types could cause mistakes in installation, creating additional 
expenses for system installers and integrators. In applications requiring many converter 
types, the industry found it more practical to use universal converters to alleviate these 
issues. One of the best industrial examples is the railway dc-dc converters delivering an 
18:1 dc voltage regulation range to cover voltage ranges defined in the EN50155 
standard. Typically, such a converter would be built with two-stage energy conversion. 

This thesis embraces the trend toward the universalization of power electronic 
converters by extending their input/output voltage range. Single-stage energy 
conversion is considered the desired approach, especially for cost-sensitive applications 
such as residential power generation.  
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Figure 1.1. Residential power system based on the 350 V dc microgrid. 

This thesis proposes the concept of a universal front-end dc-dc converter for connecting 
a PV module or a low-voltage battery energy storage to the dc microgrid operating at  
a much higher voltage. Compatibility with various energy source types implies flexible 
control of the converter. The thesis aims to develop a concept of a universal power 
electronic interface (UPEI) for residential dc microgrid applications with single-stage 
energy conversion and flexible control. The selected application of the developed 
technology is timely considering the forthcoming uptake of energy-efficient dc houses 
and supports circular economy principles.  

To provide the possibility of connecting various PV modules and battery types, the 
UPEI as a converter should operate in the wide input voltage range from 10 up to 60 V, 
in the range of output voltage from 320 to 380 V. In addition, the UPEI should provide 
galvanic isolation to ensure the safety of users. Considering the typical parameters of 
residential PV modules and low-voltage batteries on the market, the input voltage range 
of 10 to 60 V could be justified using Figure 1.2. Under opaque or partial shading 
conditions, the global maximum power point (GMMP) of a PV module could appear at 
lower voltages due to the utilization of three bypass diodes in its junction box. Therefore, 
each type of PV module features three possible operating input voltage ranges. At the 
same time, the output voltage of batteries varies in a relatively wide range depending on 
temperature, state of charge (SoC), state of health (SoH), etc.  
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Figure 1.2. Voltage ranges of low-voltage energy sources used in residential applications.  

The control system of the UPEI should include a global maximum power tracking 
(GMPPT) algorithm for harvesting maximum energy from a PV module under any 
conditions. In the case of operation with a battery, the control system should implement 
a SoC estimation algorithm. At the same time, the UPEI should apply the droop control 
for operating in parallel with other sources and devices to share energy in an 
autonomous dc microgrid [11]. This algorithm has gained popularity for enabling energy 
sharing between parallel converters by regulating the output power of each converter 
depending on the dc bus voltage without communications. Ultimately, the universal 
front-end converter should be capable of identification of the input energy source type. 
Thus, the UPEI includes functions of different isolated dc-dc converters, as shown in 
Fig. 1.3.  

 

 
Figure 1.3. Concept of the universal front-end interface converter for residential dc microgrids. 
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This thesis was conducted according to one of the research directions of the Power 
Electronics Group of Tallinn University of Technology. The aim is to gather knowledge on 
single-stage galvanically isolated dc-dc converters with a wide regulation range and 
develop a universal power electronics interface for connecting a PV module or a  
low-voltage battery energy storage to a dc microgrid. The Estonian Research Council 
supported the current work under the following grant and projects: PSG206 “DC-DC 
Converters with Ultra-Wide Regulation Range and Post-Fault Operation Capability,” 
EAG9 “Universal photovoltaic-to-microgrid interface (UniPV2μG),” and PRG1086 
“Future-Proof Power Electronic Systems for Residential Microgrids.” The research results 
obtained were the converter into FlexiVerter® technology within the LEEEE20047 
“Flexible Power Electronic Interface for DC Grid Integration of Residential Photovoltaic 
and Battery Energy Storage Systems (FPEI)” co-funded by Ubik Solutions OÜ and the 
Estonian Research Council. 

1.3 Aim, Hypotheses, and Research Tasks 
The main aim of the Ph.D. research project is to develop galvanically isolated dc-dc 
converters with a wide input voltage range and experimentally validate a concept of a 
universal power electronic interface compatible with different types of PV modules and 
batteries for the fast deployment of dc microgrids. The topology morphing control (TMC) 
is identified as a powerful tool for performance enhancement of power electronics 
converters needed for UPEI realization. The developed technology will facilitate the mass 
adoption of droop-controlled dc microgrids in residential and small-business buildings. 
The author set the goal of obtaining acceptable efficiency of the universal interface  
dc-dc converter with any type of input energy source. The outcome of this work is to 
develop and launch TRL 4 prototype in a dc microgrid. 

Hypotheses: 
1. Series resonant isolated buck-boost converters (SRIBBCs) based on hybrid H-bridge 
switching cells with series capacitors could be used as a universal tool for uni- and  
bi-directional applications without hardware modifications. 
2. Symmetrical and asymmetrical control modulations could provide the highest 
efficiency in full-bridge and half-bridge SRIBBCs, respectively, reducing power losses by 
up to 20%. 
3. Application of topology morphing control (TMC) with hybrid switching cell based 
SRIBBC could allow for dc voltage gain range extension from 1:3 to at least 1:6. 
4. An isolation transformer design with a partially overlapping split bobbin could achieve 
minimum power loss for a given dc regulation range by embedding the optimal resonant 
inductance value with 10% tolerance. 
5. Universal converters based on SRIBBC with TMC could identify input source type by 
observing its differential conductance while avoiding sizable input current and voltage 
distortions. 

Research tasks: 
1. To review and compare existing TMC techniques and application cases.  
2. To synthesize power electronics interface requirements for simultaneous applicability 
with the most popular energy sources in the dc microgrid. 
3. To develop an SRIBBC-based topology with topology morphing control, which would 
be compatible with different low-voltage uni- and bi-directional energy sources used in 
residential dc microgrids.  
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4. To develop an analytical model of SRIBBC for its performance optimization in uni- and 
bi-directional applications. 
5. To synthesize a hierarchical control system architecture and control algorithms 
adaptable to the targeted set of different energy source types.  
6. To design an experimental setup and experimental performance verification of the 
universal isolated dc-dc interface in residential dc microgrids. 

1.4 Research Methods 
The results presented in the thesis were provided by mathematical, simulation, and 
experimental analyses. The volt-second, amp-second, and power balances are utilized 
for deriving dc voltage gains of SRICCB under different buck and boost control modes. 
Furthermore, the volt-second and amp-second balances were applied to provide the 
analytical model of series resonant converters for calculating current stress in 
components and its power losses and optimization of the resonant inductance.  
The simulation of SRIBBC operation in PSIM simulation software approves the analytical 
model. Theoretical and simulation results were corroborated by experimental analysis of 
SRIBCC prototypes. The experimental analysis was carried out in the Power Electronics 
Research Laboratory of TalTech, using digital oscilloscopes, power quality and efficiency 
analyzers, power supplies, solar array and battery emulators, microprocessor 
development tools, PCB prototyping, assembling tools, etc. 

To verify the operation of the developed converter with different PV modules and 
batteries in unfavorable conditions, the developed converters were tested using daily 
mission profiles under different solar irradiance profiles and profiles of dc microgrid 
voltage. MATLAB software was used for generation profiles as well as for the analysis of 
experimental results. Moreover, the data were also visualized in MATLAB.  

1.5 Contribution and Dissemination 
The results of this research have been presented via scientific publications, conferences, 
symposiums, doctoral schools, and presentations. During the PhD studies, the author 
contributed to 19 publications. Among them, nine papers were published in peer-reviewed 
international journals and one book chapter and have been presented at nine 
international IEEE conferences. The dissertation is based on seven main scientific 
publications, including four journal and three conference papers presented at three IEEE 
international conferences. 

Scientific novelties: 
• Comparison, collecting, systematization, categorization, and classification of the 
knowledge on the topology morphing control techniques for isolated dc-dc converters.  
• Development of the advanced TMC technique with topology reconfiguration on both 
sides of the SRIBBC, resulting in eight possible operating modes with no additional 
components. 
• Analytical model of the bidirectional SRIBBC topology for calculation of its dc voltage 
gain and power losses for all known control modulations. 
• Method of the input source type identification by observing its differential 
conductance. 
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Practical novelties: 
• Analysis of application requirements and design guidelines for the UPEI based on the 
bidirectional SRIBBCs with a wide input voltage range.  
• Efficiency benchmark of the constant-frequency buck and boost control methods. 
• Methodology for optimal sizing of the SRIBBC resonant inductance. 
• The algorithm for soft transitions between SRIBBC topology configurations. 
• Simple and low-cost implementation of the synchronous rectifier for the discontinuous 
resonant current mode of the SRIBBC.  
• Development of a three-level hierarchical control algorithm for UPEI based on 
SRIBBC. 
• Demonstration of UPEI operation with 60- and 72-cell monocrystalline Si PV modules 
and with 24 V and 48 V LiFePO4 batteries, integrated into the 350±30 V residential dc 
microgrid. 

1.6 Experimental Setup and Instruments 
The power electronics laboratory of Tallinn University of Technology has been used for 
the experimental setup. Figure 1.4 shows the workplace in the lab. The following 
measurement equipment was used: oscilloscope Tektronix DPO7254, differential voltage 
probes Tektronix P5205A, AC/DC current probe Tektronix TCP0030A and PEM ultra-mini 
CWT015, a precision power analyzer Yokogawa WT1800, and thermal camera Fluke Ti25. 
ITECH IT6006C-800-25 Bi-directional Power Supplies were used for imitation of the dc 
microgrid and batteries. PV modules were imitated by the Solar Array Simulator Keysight 
E4360A. 

1.7 Thesis Outline 
Chapter 2 focuses on the comparison, systematization, and classification of the 
knowledge on the TMC techniques for galvanically isolated dc-dc converters. 
Furthermore, the challenges of applying TMC techniques are discussed in Chapter 2. 

The topology and theoretical analysis of SRIBBC are described in Chapter 3. Moreover, 
the algorithm for soft transition between control modes is discussed. 

Chapter 4 describes the design guidelines for ultra-wide range bidirectional IBBC.  
The design of an isolation transformer with an optimal leakage inductance is presented 
as one of the main components in the SRIBBS. 

The verification of UPIE operation with different PV modules and batteries is 
presented in Chapter 5.  

The final chapter, Chapter 6, discusses the possibility of increasing the universality of 
the UPEI for the different standards of the dc microgrids.  
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(a) 

 
(b) 

 
Figure 1.4. Workplace in the Power Electronics Research Laboratory (a); main used equipment: 
solar array simulators, bidirectional power supplies, and precision power analyzer (b).  
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2 Survey of Topology Morphing Control Techniques for 
Galvanically Isolated DC-DC Converters 
The term “topology morphing control” (TMC) in the power electronics field first 
appeared in 2015 [12], while some of the TMC techniques were demonstrated in 2005 
[13]. The TMC is achieved by the online reconfiguration of a converter topology to extend 
voltage or power ranges or to provide fault tolerance without changing the hardware.  
It is essential to underline that TMC techniques have existed for a long time but have 
never been systematized. 

In this study, the author focuses on the TMC techniques for galvanically isolated dc-dc 
converters. Typically, the generalized topology of galvanic isolated dc-dc converters 
consists of a front-end high-frequency inverter, an isolation transformer, and a back-end 
rectifier, as shown in Figure 2.1. Therefore, the dc voltage gain of the converter could be 
defined as [14]:  

 = = · ·out
FE TX BE

in

V
G G G G

V
, (1) 

where FEG is the voltage gain of the front-end inverter defined as the ratio between the 
peak-to-peak voltage applied to the transformer VFE(pk-pk) and the double of the input 
voltage Vin [14]: 
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TXG n= is the turns ratio of the isolation transformer; BEG is the voltage gain of the  
back-end rectifier defined as the ratio between the double of the output voltage Vout and 
the peak-to-peak voltage VBE(pk-pk) fed by the isolation transformer G [14]: 
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Figure 2.1. Generalized topology of a galvanically isolated dc-dc converter [Paper I].  

Usually, the dc gain of a converter is constant or regulated in a narrow range. 
However, applying TMC in any converter stage allows for extending these values and 
typically changing in integer steps. The [Paper I] overviews all existing TMC techniques 
and provides categorization and classification of the knowledge on the TMC to create a 
single point of reference. According to the review, all TMC techniques can be categorized 
based on the stage where a converter changes its topology: at the input side and at the 
output side. Furthermore, there are advanced techniques that cannot be classified into 
these two groups (Figure 2.2). In addition, these three categories are divided into  
sub-categories depending on the number of modes. For example, the converter can 
operate in two, three, four, or six modes with different dc voltage gains.  
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As shown in Figure 2.2, all the techniques can be broadly referred to as one of the two 
main groups. First, most TMC techniques target the dc voltage regulation range extension. 
However, they could also be used for achieving fault-tolerance when a converter needs 
to recover its operation by modifying the voltage gains of the dc-dc converter parts to 
compensate for damaged components. On the other hand, some TMC techniques target 
switching power loss reduction at light load to flatten the converter efficiency curve 
across its input power range. To briefly cover each category of TMC techniques, a few 
examples of TMC techniques are shown in Subchapters 2.1, 2.2, and 2.3.  
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2.1 Input Side TMC Techniques 
Many TMC techniques for the front-end inverter are aimed at decreasing the voltage gain 
GFE in integer steps depending on the number of topology configurations. Other 
techniques aim to flatten the efficiency curve of a converter at a light load.  

Among them, the most widespread example of the TMC for the front-end inverter of 
galvanically isolated dc-dc converters is the reconfiguration from a full-bridge inverter 
(FBI) to a half-bridge inverter (HBI). This technique can be realized by using an addition 
capacitor leg and an additional switch [12], [15] - [17], or a blocking capacitor CB  [18] - [21], 
as shown in Figure 2.3.  

The second approach is suitable for LLC, CLLC, or series resonant converters (SRCs).  
It does not require additional components because a series blocking capacitor forms  
a resonant tank. In the HBI, one switch in one leg is turned on continuously, and the other 
one is turned off. As a result, the average voltage of the blocking capacitor CB equals half 
of the input voltage. The amplitude of the inverter output voltage equals VFE(pk-pk)=±0.5Vin 
(Figure 2.4). This TMC technique changes the voltage gain GFE from 1 to 0.5 and can 
extend an input or output voltage range by two times.  

The drawback is increasing RMS current in the series capacitor, the primary winding(s) 
of an isolation transformer, and the switch S4 by √2 times. This should be taken into 
account in the thermal design of the converter. 

 
 
Figure 2.3. Reconfiguration of the front-end inverter with the blocking capacitor from the full-bridge 
to the half-bridge [Paper I].  

 
(a) (b) 

 
Figure 2.4. Operation of the front-end inverter with the blocking capacitor as FBI (a) and HBI (b) 
[Paper I].  
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2.2 Output Side TMC Techniques 
In the case of the TMC for the back-end rectifier, TMC techniques increase the voltage 
gain GBE or improve efficiency at a light load, as shown in [Paper I]. The reconfiguration 
from the full-bridge rectifier (FBR) to the half-bridge rectifier (HBR), also known as  
the voltage-doubler rectifier (VDR), is one of the most popular TMC techniques for a 
back-end rectifier. Similar to the FBI-HBI reconfiguration described above, this TMC can 
be realized by the capacitor leg and an additional switch [22], [25] or the blocking 
capacitor [16], [20] [16], [20], [26], [27]. The second case is shown in Figure 2.5. In the 
VDR mode, one switch in a leg is continuously turned on while the other is turned off,  
as shown in Figure 2.6. The transition from the FBR to VDR increases the voltage gain GBE 
by two times from GBE = 1 to GBE = 2.  

 

 

Figure 2.5. Reconfiguration of the front-end inverter with the blocking capacitor from the FBI to the 
HBI [Paper I].  

 

  

(a) (b) 

Figure 2.6. Operation of the front-end inverter with the blocking capacitor in the FBI (a) and HBI (b) 
modes [Paper I].  

2.3 Advanced TMC Techniques 
Besides TMC techniques for the front-end inverter and the back-end rectifier, advanced 
techniques target the dc voltage gain range extension. Most of these techniques are 
based on reconfiguring an isolation transformer or require several transformers [28] - [30]. 
Some of the techniques apply active pulse-width modulation (PWM) to extend the voltage 
gain [31], [32]. Moreover, some advanced TMC techniques use complex topologies that 
could be justified only for niche applications [33] - [35].  
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As a popular example of an advanced TMC technique, the double full-bridge  
LLC converter based on a reconfigurable three-leg inverter is shown in Figure 2.7.  
The presented converter consists of three-leg FBI and FBR, and two parallel transformers 
and series capacitors, which form two resonant tanks. The three-leg inverter can operate 
as the double full-bridge inverter (DFBI) and supply two transformers or operate as the 
FBI or the HBI while supplying only one of the transformers. In the DFBI mode, both 
resonant tanks operate in parallel, and the total turns ratio of transformers is GGX = n1+n2. 
The main drawback of this approach is the doubled number of components compared 
with the conventional LLC.  

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 2.7. Reconfiguration of the transformer with two secondary windings [Paper I]. 
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on the FBR, an isolation transformer, and the active FBR, as shown in Figure 2.8. At loads 
below 40%, the topology is reconfigured into the flyback converter to improve efficiency 
by up to 8% at a light load (Figure 2.9). The main drawback of the proposed approach is 
the requirement for using one bidirectional switch in the rectifier for blocking one leg in 
the single-switch mode. 

 

 
 
Figure 2.8. Dual-active bridge converter with flattened efficiency curve [Paper I]. 

 
 
Figure 2.9. Dual-active bridge converter reconfigured to the flyback converter at a light load [Paper I]. 
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resulting in high complexity of the converter design can be recommended for niche 
applications, where strict performance requirements could justify associated extra costs. 

The proliferation of the dc nano- and micro-grids, battery energy storage systems, and 
residential PV generation systems would create demand for high-performance low-cost 
converters and, consequently, facilitate industrialization of the TMC. Based on the 
recommendation provided in [Paper I], the FBI-HBI and the FBR-HBR based on a blacking 
series capacitor can be highlighted as simple, low-cost TMC techniques for a step-up 
isolated dc-dc converter, which can be utilized for interfacing a single PV module or a 
battery storage in dc microgrids.  

However, applying TMC techniques comes with some challenges. The first challenge 
is the integration of TMC into a control system of a converter. It requires an additional 
control loop for reconfiguring a topology depending on the input and output voltage or 
power. In addition, the parameters of a regulator in the control system should be adapted 
to a topology reconfiguration due to changes in the small-signal converter model for each 
topology configuration. The second challenge in control is the implementation of soft 
transitions between topology configurations with stabilized input and output voltage and 
current to avoid overcurrent in components. The solutions for these issues are described 
in the following chapter.  
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3 Ultra-Wide Range Bidirectional SRC-Based IBBC 
To design an ultra-wide range bidirectional isolated buck-boost converter (IBBC) for 
implementation of the UPEI, the two approaches of TMC have been merged and utilized 
in one converter. The final topology is presented in Figure 3.1. This topology has been 
presented for the first time in [37] as an isolated bidirectional dc-dc CLLC converter with 
frequency modulation. However, this topology can also operate as the dual active bridge 
(DAB) [39] - [41], the conventional LLC converter [42] - [44], or the SRIBBC with fixed 
switching frequency [45] - [47]. The differences between these converters are in the 
values of the leakage Llk and the magnetizing Lm inductances of the isolation transformer 
TX and two series capacitors C2 and C3.  

All these converter types are suitable for low-power step-up applications. 
Implementation of the UPEI concept requires a converter with galvanic isolation, a wide 
voltage range, high efficiency, and a high power density. However, the LLC, the CLLC,  
and the DAB have some limitations for operation in wide voltage and power ranges.  

Due to the switching frequency variation in a wide range needed for voltage gain 
regulation, the LLC and the CLLC feature the following significant drawbacks: 

1) degradation of the converter electromagnetic interference (EMI) performance with 
decreasing switching frequency for regulation of the voltage gain; 

2) challenging design of magnetic and filter components and optimization; 
3) reduced converter efficiency with the regulation of the voltage gain, which results 

from increased circulating current; 
4) the inability to regulate the voltage gain at a light load; 
5) the power flow direction cannot be changed smoothly.  
In the case of the DAB, due to the leakage inductance utilized as a buck or boost 

inductor, the following drawbacks can be highlighted: 
1) the maximum transferred energy through the TX depends on the input voltage that 

varies significantly; 
2) non-sinusoidal transformer current resulting in higher losses in the windings of a 

high step-up transformer; 
3) low efficiency at a light load due to the lost zero-voltage switching (ZVS).  
At the same time, the voltage gain can be regulated in a wide range in the SRIBBC by 

using pulse-width modulation (PWM) or phase-shift modulation (PSM). The SRIBBC 
converter avoids the described drawbacks, making it a suitable candidate for implementing 
the UPEI concept. 

 

 
 
Figure 3.1. Series Resonant Isolated Buck-Boost Converter [Paper V]. 
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3.1 Topology Description 
As described above, the topology of the SRIBBC in the given study consists of the  
low-voltage and the high-voltage hybrid switching cells based on MOSFETs and the 
isolation transformer. The series blocking capacitors neutralize a dc bias in the 
transformer current in any power flow direction, which allows the possibility for applying 
asymmetrical control modulation for voltage regulation. At the same time, blocking 
capacitors allow the possibility for morphing the hybrid switching cells from the  
full-bridge to the half-bridge by turning on one switch and turning off the other one in 
the same inverter leg, as shown in Figure 3.2. 

Thereby, the topology of the converter can operate in the following configurations: 
FBI-FBR, HBI-FBR, FBI-HBR, and HBI-HBR. The combination HBI-HBR is not used in the 
converter because the gain is the same as in the FBI-FBR, but it suffers from doubling the 
current stress. Therefore, the normalized voltage gain of the converter equals either 0.5, 
1, or 2. The normalized dc voltage gain for the forward power flow is defined as in [14] 

·
HV

L
n

V

V
V n

G = , (4) 

and for the backward power flow, the voltage gain can be defined as in [14] 
·LV

HV
n

V
G

n
V

= , (5) 

where VHV is the voltage at the high-voltage side, VLV is the voltage at the low-voltage 
side.  

At these points, the converter operates as a dc-dc transformer with a virtually sinusoidal 
transformer current. At the same time, the switching cells allow the application of 
different buck and boost control methods. In total, the converter in the given study 
operates in six control modes, as shown in Figure 3.3. The sequence of control modes is 
the same for both power directions. According to the number of control modes, this 
converter has been named “Isolated Hexa-Mode Converter (IHMC).” 

 

 
Figure 3.2. Reconfiguration of the hybrid switching cell [Paper V]. 

 
Figure 3.3. Control modes of IHMC [Paper V]. 
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The series capacitors and the leakage inductance of the transformer form an equivalent 
resonant tank in the given SRIBBC converter. Hence, the angular resonant frequency of 
the resonant tank is defined as in [Paper V] 

1
r

lk rL C
ω = , (6) 

where Cr is the equivalent resonant capacitance calculated as in [Paper V] 
2 3
2

3 2
r

C C
C

C n C
=

+
. (7) 

In the SRC, the magnetizing inductance is usually significantly higher than the leakage 
inductance (Lm >> Llk). Therefore, the magnetizing inductance is not taken into the 
resonant tank. 

It has been considered that this topology operates in the discontinuous resonant 
current mode for providing zero-current switching (ZCS), i.e., with the resonant tank 
quality factor significantly below one. Hence, the switching frequency fsw should be  
5-10% lower than the resonant frequency fr to implement sufficient dead time for  
soft-switching employing the transformer magnetizing current [45], [48].  

3.2 Benchmarking of Buck Control Modulations 
As mentioned above, the primary switching cells allow for applying different buck 
modulation methods to reduce the dc voltage gain. Previously, various buck modulations 
have been presented and described, such as the PWM [45], the hybrid PWM (HPWM) 
[49], the PSM [50], the hybrid PSM (HPSM) [51], the shifted PWM (SPWM) [52],  
the improved shifted PWM (ISPWM) [49], and the asymmetrical PWM (APWM) [53].  

[Paper II] provides the classification (Figure 3.4) and detailed theoretical and 
experimental analysis of the buck modulations. The experimental benchmarking of the 
listed modulation has been presented based on the FBI-VDR topology of a unidirectional 
SRC converter in [Paper II].  

 

 

Figure 3.4. Classification of the buck control modulations [Paper II].  

To understand and choose the best buck modulation for the FBI-FBR topology,  
the benchmarking of the selected buck control methods has been carried out and 
presented in Figure 3.5. The general components of the converter utilized in the 
benchmarking are listed in Table 3.1. The semiconductor components were selected 
based on experimental benchmarking. The input and output capacitors are selected to 
ensure the ripple of the input and output currents is below 5%. Capacitor C2 was selected 
to avoid its participation in the resonance, while C3 was chosen as the main resonant 
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capacitor. The transformer turns ratio was selected to match input and output nominal 
voltages, while its magnetizing inductance is sized by adjusting the air gap to provide 
soft-switching. 

The benchmarking of the buck modulations is shown in Figure 3.5. The PWM, the SPWM, 
and the ISPWM are included in the benchmark because these modulations have the 
lowest performance in the previous study. As can be seen, the HPSM shows the best 
performance for the FBI-FBR topology configuration in the wide voltage range.  
The HPWM and APWM can be applied to buck the input voltage in the HBI-FBR topology 
configuration. However, even in the FRI-FBR topology, the APWM has the lowest power 
losses compared to the HPWM. The same conclusion has been provided in [Paper II] for 
the FBI-VDR topology.  

 
Table 3.1 Specification of components of the UPEI.  

S1 … S4 On Semiconductor FDMS86180 
Q1 … Q4 Wolfspeed C3M0120100K 
C1, C4 150 µF 
C2 52.8 µF 
C3 25 nF 
Llk 100 µH 
Lm 2 mH 
n 12.8 

 

  
(a)      (b)  

Figure 3.5. Experimental benchmarking of buck control modulations for the FBI-FBR (a) and for the 
HBI-FBR (b) [Paper II].  

3.3 Benchmarking of Boost Control Modulations 
Using the active switching cell allows the application of boost control modulations in any 
topology configuration to extend the voltage gain range. A similar benchmarking can be 
carried out for the boost control modulations. In [54], all boost modulations have been 
collected and described in detail. The study covers the following boost modulations:  
the PSM [55], the overlap modulation (OLM) [56], the PWM [57], the HPWM [58], and 
the APWM [59]. The classification of the boost modulation is presented in Figure 3.6. 
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Figure 3.6. Classification of the boost control modulations.  

Similar to the benchmarking of the buck modulations, benchmarking of the selected 
boost modulations has been provided for the same FBI-FBR topology with the general 
components listed in Table 3.1. Figure 3.7a shows the experimental benchmarking of the 
boost modulations. The PSM has the lowest power losses in the wide voltage range.  

Among the analyzed modulations, the HPWM and the APWM can also be applied in 
the FBI-HBR topology. To determine the best boost modulation for the HBR, the additional 
benchmarking for the FBI-HBR topology is shown in Figure 3.7b. This test shows that the 
APWM is the best boost modulation for the FBI-HBR topology. These results were not 
published and are presented in this thesis for the first time. 

 

  
 (a)      (b)  

Figure 3.7. Experimental benchmarking of boost control modulations for the FBI-FBR (a) and the 
FBI-HBR (b) converter configurations.  

3.4 Analysis of the Converter Operation 
In addition to the benchmarking of the buck modulations, [Paper II] describes a 
methodology for deriving a mathematical model of the voltage gain and calculation of 
power losses for any control modulations and topology configurations. This methodology 
is based on calculation switching and conduction losses in transistors, body diodes of 
MOSFETs, the transformer, input and output filter capacitors, series capacitors, and input 
and output resistance of a printed circuit board (PCB). To verify the proposed methodology, 
the theoretical voltage gain has been calculated for the buck HSPM and the boost PSM 
control modulations and compared with the experimental results for the FBI-FBR 
topology configuration in Figure 3.8.  
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 (a)      (b)  

Figure 3.8. Comparison of theoretical and experimental voltage gains for the boost FBI-FBR (a) and 
the buck FBI-FBR (b) control modulations.  

In addition, Figure 3.9 shows the comparison of power losses for the same control 
modulations. With an increase or decrease in the input voltage, efficiency decreases.  
This is mostly associated with the increasing RMS and switching currents in the converter. 
As can be seen, the deviation between theoretical and experimental results is less than 
10%. This deviation is primarily associated with the non-modeled non-linear behavior of 
the parasitic elements. Therefore, this methodology can be used for other control 
modulations and the thermal design of a prototype. 

 

  
 (a)      (b)  

Figure 3.9. Comparison of theoretical and experimental power losses for the buck FBI-FBR (a) and 
the boost FBI-BR (b) control modulations.  
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Figure 3.10. Verification of the proposed analysis methodology for the best-performing modulation 
of the SRIBBC [Paper V]. 

By using the methodology, the theoretical voltage gain curves for all six control modes 
are plotted in Figure 3.10 as the function of the generalized control duty cycle D.  
In addition, experimental dc gains values in each control mode are shown in Figure 3.10, 
where the sequence of control modes is the same in both power flow directions. As can 
be seen, the converter can operate in a wide voltage gain from 0.4 to 2.5 thanks to the 
TMC. Figure 3.10 shows deviations of <5% between experimental and theoretical gain 
curves, proving the validity and versatility of the proposed analysis methodology. 

The gain ranges between the boost HBI-FBR and the buck FBI-FBR modes; the boost 
FBI-FBR and the buck FBI-HBR modes are transition regions. Points of transitions 
between these modes are selected based on experimental or estimated efficiency. 

3.5 Soft Topology Reconfiguration 
The series capacitors feature different dc voltage stress in different topology 
configurations. For example, the dc voltage of capacitor C2 equals half of the input 
voltage in the boost HBI-FBR mode and zero in the buck FBI-FBR mode. The algorithm for 
soft transition has been proposed in [Paper III] to avoid high current stress and oscillation 
during transitions between different topology configurations. 

The main idea of the soft-transition algorithm is to increase the duty cycle Dam linearly 
to switch transistors in a leg from a modulated state to the static state (one transistor is 
turned on continuously, and the other one is turned off) when transiting from the  
full-bridge configuration to the half-bridge configuration of a hybrid switching cell. In the 
reverse case, the algorithm linearly decreases the duty cycle to switch the transistor into 
a modulated state. At the same time, the soft-transition algorithm linearly transits 
between buck and boost control modulations by linearly changing the buck and boost 
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duty cycles (Dbk and Dbt). The simulated result of the transitions between the boost HBI-FBR 
and the buck FBI-FBR as well as between the boost FBI-FBR and the buck FBI-HBR are 
shown in Figure 3.11. 

    
(a)      (b)  

Figure 3.11. Comparison of theoretical and experimental power losses for the buck  
FBI-FBR (a) and the boost FBI-HBR (b) control modulations [Paper III].  

A special algorithm is not required for mode transition within one topology 
configuration, e.g., between the buck FBI-FBR and the boost FBI-FBR modes, because  
the converter smoothly crosses the boundary operating point. 

3.6 Summary 
Based on the theoretical review of isolated dc-dc converters, the author has proven the 
hypothesis that the SRC is a universal tool for uni- and bi-directional dc microgrid 
applications when its functionality is extended by applying hybrid H-bridge switching 
cells. It is selected for implementation of the UPEI concept. The author synthesized a 
simple advanced TMC technique that allows the converter to operate in four topology 
configurations: FBI-FBR, HBI-FBR, FBI-HBR, and HBI-HBR. At the same time, buck and 
boost control modulation can be applied to regulate the voltage gain. The SRIBBC, with 
the proposed advanced TMC technique, can operate in eight modes. Thus, applying TMC 
with hybrid switching cell-based SRIBBC allows the possibility to operate in the wide dc 
voltage gain from 0 to 4. This extends the voltage gain range from 1:3 to at least 1:6 in 
comparison with conventional solutions, which proves the third hypothesis. 

Experimental benchmarking of various constant-frequency control modulations 
performed by the author proves the second hypothesis that symmetrical (HPSM) and 
asymmetrical (APWM) modulations provide the best buck control modulation for the 
FBI-FBR/FBI-HBR and the HBI-FBR configurations, respectively. Similarly, the PSM and the 
APWM are the best boost control modulation for the FBI-FBR/HBI-FBR and the FBI-HBR, 
respectively, as was hypothesized.  

In addition, the author has developed a methodology for deriving a mathematical 
model of the dc voltage gain and power loss for different control modulations. An analytical 
model of SRIBBC was derived and verified experimentally to be further used for the 
converter performance optimization in uni- and bi-directional applications.  

In addition, the algorithm for soft transition between topology configurations described 
in this chapter was proposed by the author and verified by numerical simulations.  
The algorithm allows the possibility for recharging series capacitors and stabilizing input 
current and voltage during transitions between topology configurations.  
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4 Design Guidelines for SRIBBC 
This chapter focuses on the design and selection of critical components such as the 
isolation transformer, series capacitor, and semiconductor components for designing an 
ultra-wide range bidirectional isolated buck-boost converter. 

4.1 Integrated Transformer Design 
Selecting turns ratio n of the isolation transformer is the most critical point in the UPEI 
design. The converter should maintain high efficiency with a selected voltage source 
under any conditions. Depending on the temperature and degradation, the input source 
voltage can vary widely. For example, the GMPP of a PV module could move to a low 
voltage under partial shading. Figure 4.1 summarizes the probable operating voltage 
range of typical 60- and 72-cell PV modules and LiFePO4 batteries (24 V and 48 V). 

As described in Chapter 3, the IHMC features three nominal voltage gains G=0.5, 1, 
and 2, where the converter theoretically has the maximum efficiency due to the 
transformer current being virtually sinusoidal and all transistors turned on and off at zero 
current. With an increase or decrease in the input voltage, efficiency decreases because 
RMS and switching currents are increased when moving from the three nominal dc gain 
values. The bold vertical green lines in Figure 4.1 show the theoretical maximum 
efficiency voltages and green gradient fields demonstrate the decreasing efficiency.  

To provide high converter efficiency in a wide input source voltage range, the turns 
ratio of the transformer has been selected as n=12.7 by using Eq. (4) and (5). This ensures 
high efficiency at the most probable input source operation voltages.  

 

 
Figure 4.1. Voltage characteristics of selected PV and batteries modules and resulting target 
operating range for the UPEI. 

The maximum flux density Bmax is the next important design parameter of the 
transformer. The theoretical analysis shows that the flux density achieves the maximum 
value at the normal voltage gain under the FBI-FBR topology configuration in any 
direction. The flux density Bmax in the forward and backward directions was calculated by 
the author, respectively, as  
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where Ae is the effective core area, and Npr and Nsec are the numbers of turns of the 
primary and secondary windings, respectively. 
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The next design parament of the transformer is the magnetizing inductance Lm.  
The magnetizing current circulated through low- or high-voltage sides (depends on a 
control modulation and a direction of power flow) recharges output capacitances of 
MOSFETs during the dead time TD between the control pulse of transistors. The highest 
magnetizing current for the same dead time is required in the forward and backward 
boost HBI-FBR modes. Therefore, the maximum value of the magnetizing inductance for 
the forward direction can be defined as in [Paper V] 
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⋅
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for the backward mode, the maximum value of the magnetizing inductance is defined as  
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where Coss(LV)  and Coss(HV) are the parasitic output capacitances of low- and high-voltage 
side switches, respectively.  

The fourth design parameter of the transformer is the leakage inductance Llk.  
The analysis in [Paper II] showed that the leakage inductance should be as much as 
possible to achieve the lowest amplitude of the resonant current and, as a result,  
the smallest conduction and switching losses in the converter (Figure 4.2). On the other 
hand, for operation in the discontinuous current mode, the leakage inductance should 
be limited. As the theoretical analysis in [Paper V] based on the proposed methodology 
shows, the critical mode for limiting the leakage inductance is the forward buck FBI-HBR 
mode. Therefore, the maximum value of the inductance can be defined as  
  

2
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⋅
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Figure 4.2. Theoretical dependence of losses on the leakage inductance [Paper II]. 

Usually, an external inductor is required to achieve a high resonant inductance. 
However, [Paper IV] proposed a transformer design based on the hybrid split bobbin to 
integrate the required inductance values into the isolation transformer. The novelty of 
the proposed approach is in the partial overlap of the secondary and primary windings. 
At the same time, most of the secondary winding turns are in split bobbin arrangement 
regarding the input side winding. The design of the transformer based on an ETD core is 
shown in Figure 4.3. The same approach can be realized based on a planar core as an 
alternative solution for achieving a compact design for the converter. 
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Figure 4.3. Transformer design with the hybrid split bobbin [Paper IV]. 

Finally, using Litz wire with a strand diameter of 0.04 mm has been considered to 
reduce the skin and proximity effects. This strand diameter considers that the shape of 
the resonant current changes from sinusoidal to triangular during operation in a wide 
voltage range. Hence, the resonance current spectrum in each mode includes a set of 
odd harmonics up to the 11th. 

4.2 Selection of Resonant Capacitors 
The selected topology of the UPEI (Figure 3.1) includes two series capacitors: C2 on the 
low-voltage side and C3 on the high-voltage side. Each of them or both capacitors can be 
used for forming a resonant tank. However, low-voltage high-current capacitors, such as 
ceramic capacitors, show high capacitance deviations due to varying dc bias voltage and 
operating temperature. At the same time, high-voltage film capacitors feature low 
variations of capacitance and low volumetric capacitance density. 

According to these aspects, the capacitor C3 has been selected for forming the 
resonant tank. Therefore, to avoid deviation of the resonant frequency, the capacitance 
of capacitors C2 should be much higher than C3 (C2 >> C3). Furthermore, the effective 
resistance of the C2 should be as low as possible to carry a high transformer current at 
the low-voltage side.  

The equations for calculation capacitance and voltage for C2 and C3 have been 
presented in [Paper V]. The value of the capacitor C3 is calculated as  
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The maximum operating voltage of the capacitor C3 is achieved in the forward buck  
FBI-HBR mode at a low duty cycle and can be defined as  
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where 3CV∆ is the peak-to-peak voltage ripple of the capacitor C3: 
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where Iout  is the output current in the forward mode. 
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In the forward boost HBI-FBR mode, the low-voltage capacitor C2 is under maximum 
voltage stress that equals  

 2
2(max) 2

C
C

LVV V
V

∆+
= . (16) 

where 2CV∆ is the peak-to-peak voltage ripple of the capacitor C2:  
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where Iin is the input current in the forward mode. 

4.3 Selection of Semiconductor Components 
The selection of transistors plays a vital role in the total power losses of the converter. 
The transistors should have the lowest channel resistance to reduce conduction losses. 
However, MOSFETs with a low resistance feature high parasitic capacitance, significantly 
increasing switching losses. Therefore, there is a trade-off between conduction and 
switching losses.  

Based on the theoretical analysis, a few 100 V Si MOSFETs with a cost of below 5 € 
have been selected for experimental benchmarking. Because only two switches have 
high switching currents, two different types of transistors can be used on the low-voltage 
side to optimize power losses based on operating conditions.  

Figure 4.4 shows experimental benchmarking of low-voltage switches in forward buck 
FBI-FBR mode. The lowest power losses are achieved using FDMS86180 switches or 
combining FDMS86180 and FDMS86181. The FDMS86180 switch type from On 
Semiconductors was selected as the optimal solution with a high-performance transistor 
for the primary side. 

 

 
Figure 4.4. Experimental benchmarking of low-voltage switches.  

A similar benchmarking can be carried out for high-voltage side switches. In the forward 
boost modulations, two high-voltage switches have high switching current. Therefore, 
two different types of transistors can also be used on the high-voltage side. Theoretical 
analysis showed that SiC MOSFETs from CREE/Wolfspeed, Infineon, Littelfuse, and GaN 
transistors from Transphorm have the potential for high performance in the UPEI.  
The benchmarking shows that SiC MOSFET C3M0075120 from CREE/Wolfspeed allows 
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for achieving the lowest power losses. Moreover, it can be noted that GaN transistors for 
low-power high-voltage applications and switching frequency of 100 kHz feature higher 
power losses than SiC MOSFETs. One of the problems with GaN transistors is the high 
forward voltage drop of body diodes, which conduct current during dead time.  

It can be concluded from the benchmarking results presented in Chapter 3 that using 
two different transistors does not reduce total power losses. The first reason is that all 
transistors in one switching cell have the same RMS current in a full-bridge mode.  
The second reason is the low switching losses of transistors with high switching current 
due to zero voltage switching, as analyzed in [Paper V]. Moreover, transistors also switch 
magnetizing current, which circulates through the low- or high-voltage side, depending 
on the control mode. Therefore, only one type of switch can be selected for each side.  

 

 
Figure 4.5. Experimental benchmarking of high-voltage switches.  

4.4 Thermal Design for Passive Cooling  
The theoretical analysis of power losses at different control modes was described in 
[Paper V] (Figure 4.6). The worst control modes in terms of power losses are the buck 
FBI-HBR and the boost FBI-FBR in both directions. As can be seen from Figure 4.6,  
the highest power losses in low-voltage switches are observed in the backward boost 
FBI-FBR mode. The worst mode for high-voltage switches is the backward buck FBI-FBR 
mode. The maximum power losses in one low- and high-voltage switch equal 1.8 W and 
0.75 W, respectively.  

It was mentioned in the datasheet of MOSFET FDMS 86180 from On Semiconductor 
[60] that the transistor soldered on a 1 in2 ≈ 16.4 mm2 pad of one-layer board with 2 oz 
copper has the thermal resistance from a junction to ambient RθJA of 45 °C/W without an 
additional heatsink. To limit the junction temperature TJ to 100°C at the ambient 
temperature of 40 °C, the thermal resistance RθJA should be less than 33 °C/W for 
operation in the worst-case conditions.  

One way to minimize the thermal resistance is to increase the area of the pad up to 
22.5 mm2. However, the popular solution is using the top and the bottom layers in  
a four-layer PCB for cooling transistors. To provide the lowest thermal resistance between 
the layers of a PCB, in [61] the author recommends using a high number of vias. Following 
this implementation approach, the pad area of 12 mm2 on both sides of a PCB with  
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48 vias between them should be sufficient for cooling each low-voltage MOSFET in the 
worst-case conditions, considering the thermal resistance of a via equal to 261 °C/W [62].  

In the case of the high-voltage MOSFETs, the thermal resistance RθJA without a 
heatsink equals 40 °C/W according to the datasheet of C3M0075120 [63]. At the ambient 
temperature of 40 °C, the maximum temperature of the junction will be around 70 °C in 
the backward buck FBI-FBR mode. This value of junction temperature is significantly less 
than the maximum junction temperature of TJ(max) = 175 °C indicated in the datasheet. 
Therefore, the selected high-voltage SiC MOSFETs can be utilized in a prototype of the 
UPEI without a heatsink.  

 

 
Figure 4.6. Power losses in the SRIBBC under the forward buck FBI-HBR and boost FBI-FBR mode at 
VLV = 17 V, PLV = 205 W, and under the backward buck FBI-HBR and boost FBI-FBR mode at VLV = 38 V, 
PLV = 350 W. [Paper V].  

4.5 Control System Implementation 
The final important part of the converter design is the control system, which is commonly 
based on a microcontroller. The first requirement applied to the microcontroller is a high 
precision of PWM peripherals. The microcontroller should provide high-frequency gating 
signals with a controlled dead time of about 50 – 200 ns. The second requirement is high 
calculation performance for implementing the soft transition algorithm and a closed-loop 
control system. Based on these requirements, STM32 microcontrollers with high-
resolution timers can be highlighted as an appropriate solution.  

Another important part of the control system is measurement circuitry. To implement 
the soft transition algorithm, the control system should measure voltages and currents 
on both sides of the converter. Therefore, the microcontroller should have a minimum 
of four analog-to-digital converter (ADC) channels. It was considered to supply the 
control system from the low-voltage side to reduce the implementation cost. Therefore, 
non-isolated sensors can be used on the low-voltage side. The cheapest voltage and 
current sensors are resistive dividers and current shunts. On the high-voltage side, 
sensors should be isolated from the control system.  

As described in [Paper V], synchronous rectification improves converter efficiency 
significantly. The simple approach based on the current transformers and comparators 
embedded in the microcontroller allows the possibility for the correct detection of an 
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instant when the switches should be turned off (Figure 4.7). Two measurement circuits 
are used on the low- and high-voltage side of the transformer to neutralize the effects of 
the magnetizing current. Therefore, the current transformer on the high-voltage side and 
comparators COMP3 and COMP4 are responsible for operation in the forward mode, and 
the current transformer on the low-voltage side and comparators COMP1 and COMP2 
are responsible for operation in the backward mode.  

 

 
Figure 4.7. Control circuit of the synchronous rectifier [Paper V].  

To implement the synchronous rectification, the microcontroller should include a 
minimum of four internal comparators. Two additional comparators can be used to 
realize overcurrent protection on the low- and high-voltage sides. Therefore, STM32G474 
microcontroller has been used for the UPEI implementation.  

4.6 Summary 
To summarize the design guidelines developed by the author for the ultra-wide range 
bidirectional series resonant isolated buck-boost converters, the selected components 
of the converter are listed in Table 4.1. The best-performing low- and high-voltage 
MOSFETs have been selected based on theoretical and experimental benchmarking.  
To control selected MOSFETs, isolated dual channels 5 V/0 and +15/-5 drivers have been 
implemented for low- and high-voltage transistors, respectively. The filter capacitors C1 
and C4 on the low- and high-voltage have been selected to provide maximum voltage and 
current ripple of 5%.  

The methodology for optimization of the resonant inductance sizing in the SRIBBC was 
proposed in this chapter. Using the methodology, the leakage inductance of 100 µH was 
calculated as a trade-off between power losses in the converter and the wide dc gain 
regulation range. This chapter demonstrates the practical confirmation of the fourth 
hypothesis that the isolation transformer design with a partially overlapping split bobbin 
can implement the optimal leakage inductance. The proposed transformer design avoids 
using an additional resonant inductance.  

The simple and low-cost circuit for implementation of the synchronous rectifier at the 
discontinuous resonant current was described in this Chapter. The synchronous rectifier 
circuit is realized based on current transformers and internal comparators of the 
microcontroller.  
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Table 4.1 General specification of the UPEI. 

Power Components 
S1…S4 On Semiconductor FDMS86180 
Q1…Q4 CREE C3M0120100K 

TX Custom based on 
ETD 49 3C95 ferrite core 

Llk 100 µH 
Lm 2 mH 
n 12.8 

C3 
15 nF, B32641B0153J 
and 10 nF, MC1206F106Z160CT 

C4 
4.7 µF, ECWFG1B475J 
and 0.47 µF, B32653A0474J000 

Control, driving and measurement 
Microcontroller ST STM32G474 
Drivers for low-voltage MOSFETs Silicon Labs SI8233BB-D-IS1R 
Drivers for high-voltage MOSFETs Texas Instr. UCC21521ADW 
Aux. power supply Texas Instr. LM5010MH/NOPB 
Low-voltage side voltage sensor Resistive divider 1:20 

Low-voltage side current sensor Shunt 0.003Ω and  
OP Microchip MCP6L02T-E/SN 

High-voltage side voltage sensor Texas Instr. AMC1200 

High-voltage side current sensor Shunt 0.01Ω and  
Texas Instr. AMC1200 
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5 A High-Efficiency Universal Front-End Interface Converter 
This chapter summarizes all previous chapters and presents the concept of the UPEI as 
the result of the given study. The chapter focuses on realizing the control algorithms for 
operation with PV modules and batteries and identifying a connected input source.  
This chapter also covers the results of the studies published in [Paper V], [Paper VI], and 
[Paper VII].  

5.1 Prototype 
A prototype of the UPEI includes the power circuit, auxiliary power supply circuit, drivers, 
sensors, and microcontroller unit on one four-layer PCB shown in Figure 5.1. The prototype 
was designed to operate in the safe operating area (SOA) within the input voltage range 
from 10 to 60 V and within the power and current profiles shown in Figure 5.2. The SOA 
covers the operation ranges of typical market-leading PV module types (60- and 72-cells 
silicone PV modules) and batteries (24 V and 48 V). 

It should be noted that the prototype has no electrolytic capacitors to increase the 
reliability and lifetime of the converter. The second important aspect of the prototype is 
the absence of any heatsinks. As mentioned in the previous chapter, semiconductors are 
cooled using the PCB surface.  

 
 

Figure 5.1. Prototype of the UPEI [Paper VI].  
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Figure 5.2. Safe operation area for the UPEI prototype [Paper V]. 

5.1.1 Efficiency 
The precision power analyzer Yokogawa WT1800 has been used to measure the 
efficiency of the designed prototype at different low voltages, different levels of power, 
and the nominal voltage of the high-voltage side of 350 V. The efficiency map is shown 
in Figure 5.3. As can be seen, in the wide voltage and power ranges, the efficiency curve 
varies in the range from 95% to 98.1%. With decreasing the current of the low-voltage 
side down to 2 A, the efficiency drops rapidly because the synchronous rectifier cannot 
operate at a low resonant current, as noted in Chapter 4. The second reason is constant 
power losses related to the transformer core losses and conduction losses from parasitic 
oscillations. 

 
Figure 5.3. Experimental efficiency map of the UPEI [Paper VI].  
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The peak efficiency of the converter equals 98.1% at VLV = 56 V. Moreover, the converter 
features three peak efficiencies at VLV = 14, 28, and 56 V, when it operates in the normal 
control modes. In these points, the transformer current is virtually sinusoidal.  

Detailed measured efficiency of the converter operating in the forward and the 
backward power flows at the borders of the SOA is plotted in Figure 5.4. These figures 
have been published in [Paper V]. They show that topology configurations are morphed 
from HBI-FBR to FBI-FBR and from FBI-FBR to FBI-HBR at 17 V and 40 V on the low-voltage 
side, respectively.  

 

 
(a) 

 
(b) 

Figure 5.4. Efficiency of the UPEI operating in the forward (a) and the backward (b) power flows at 
the borders of the safe operating area [Paper V]. 
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The efficiency is higher than 93.8% in the forward mode and 92% in the backward 
mode. In both directions, the power at the low-voltage side has been used as a reference 
for calculation of efficiency. Another reason for the efficiency difference is longer dead 
times for the high-voltage side transistors. The maximum efficiency in the backward 
mode is 97.6%.  

5.1.2 Thermal Analysis 
Thermal camera Fluke Ti25 has been used in experiments to measure the temperature 
of components in the prototype under maximum stress. Figure 5.5 shows temperature 
distributions in the prototype for the forward and the backward power flow under the 
buck FBI-HBR and the boost FBI-FBR modes. The thermal images were taken by the 
thermal camera at a distance of 5 cm from the PCB at an ambient temperature of 25 °C. 
At each measured mode, the prototype operated for a minimum of 15 min. 

As the theoretical analysis showed in Chapter 4, the highest power losses stand out in 
the backward buck FBI-HBR and the boost FBI-FBI control modes. Therefore, components 
in the prototype have the highest temperature in these modes. The experimental results 
show that the low- and high-voltage switches achieve 90°C and 60°C under the buck  
FBI-HBR at VLV = 38 V and PLV = 350 W. The temperatures achieved are less than the 
calculated values. Therefore, the designed PCB can cool down the selected semiconductor 
devices without any heat sinks.  

5.1.3 Closed-Loop Control System 
The microcontroller STM32G474 has been justifiably selected in Chapter 4 to implement 
the control system. The block diagram of the power circuit and the control system is 
shown in Figure 5.6. 

The state machine has been applied to design the high-level part of the control 
architecture. The state machine is switched between 11 states depending on the control 
algorithms described in the next sub-chapters. 

The medium level of the control architecture includes the following function blocks: 
Protection, Filters, Timer for PV rescanning, Synchronous rectifier, and Calculation of 
compare values. The protection block enables the control system if all voltages and 
currents are within the safety limits. In the case of any faults, all switches and the  
solid-state circuit breaker (SSCB) are turned off. Moreover, the SSCB provides a soft  
plug-in to the dc microgrid by charging the high-voltage capacitor C4. 

The synchronous rectifier block enables or disables control of rectifier switches 
depending on the power level, control modulation, and control mode. The timer for PV 
rescanning restarts global maximum power point tracking (GMPPT) every 30 minutes if 
the UPEI operates with a PV module. The Calculation of compare values block 
recalculates and sets required compare values from a control variable for each channel 
of the high-resolution timer (HRTIM). 

The low-level control system includes HRTIMs, ADCs, and internal comparators 
(COMP2, COMP3, COMP5, and COMP6). The comparators are utilized to realize the 
control of the synchronous rectifier. The output signals of the sensors are converted into 
a digital form by using integrated 12-bit ADCs of the microcontroller. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5.5. Temperature distribution in the UPEI prototype in the forward mode under the buck  
FBI-HBR (a) and the boost FBI-FBI (b) mode at VLV = 17 V and PLV = 205 W; in the backward mode 
under the buck FBI-HBR (c) and the boost FBI-FBI (d) mode at VLV = 38 V and PLV = 350 W [Paper V]. 
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Figure 5.6. Power circuit diagram and control system diagram of the developed UPEI [Paper VI].  

The block diagram of the middle-level control system is presented in Figure 5.7.  
The input control signal for the middle-level control system is a power flow direction and 
a control variable D, which can be the duty cycles of buck modulations Dbk or the duty 
cycles of boost modulations Dbt. The mode selector automatically chooses a control 
modulation depending on low and high voltages and a required power direction. 
Furthermore, the mode selector changes a control modulation when the duty cycle 
achieves saturation.  

5.2 Photovoltaic Operation Mode 
The first high-level control mode is the PV mode. In this mode, the converter  only operates 
in the forward power direction and the wide voltage range.  

5.2.1 Maximum Power Point Tracking 
For harvesting maximum energy from a PV module under any conditions, the UPEI should 
track a global maximum power point. Among the different tracking approaches,  
the voltage sweep GMPPT has been selected as a simple, effective, and robust algorithm, 
which does not require knowledge of the electrical characteristics of a PV module and 
can operate with different types of PV modules [64]. 

The operation principle of the voltage sweep GMPPT tracking is based on scanning a 
power-voltage curve of a PV module by decreasing the reference voltage VLV(ref) of a 
closed-loop control system from the open-circuit voltage VLV(OC) to the minimum 
operation voltage VMIN of the converter with a voltage step Vstep, as shown in Figure 5.8. 
After reaching the minimum operation voltage VLVMIN, the GMMPT algorithm analyses 
stored MPP data and finds the GMPP. Then the algorithm transits to the GMPP by setting 
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the reference VLV(ref) equal to the GMPP voltage. Following this, the control system switches 
to the local MPPT (LMPPT) based on an improved perturb and observe algorithm to 
maximize the MPPT efficiency [65].  

The closed-loop control system for the GMPPT and the LMPPT algorithms has been 
realized based on a PI-regulator for controlling the PV voltage (voltage VLV on the  
low-voltage side) (Figure 5.8). When switching control modulation is in the middle 
control level, the control system also changes the parameters of the PI-regulator. 

 

 
Figure 5.7. Block diagram of the developed middle-level control system [Paper VI]. 

 

 
Figure 5.8. Tracking process of the used GMPPT algorithm [64]. 
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Figure 5.9. Block diagram of the proposed high-level control system in the PV mode [Paper VI]. 

 

5.2.2 GMPPT Performance Benchmarking 
To verify the UPEI performance in operation with different PV modules, the Solar Array 
Simulator Keysight E4360A was used to emulate the following PV modules: Longi  
LR4-60HBD-350M [66] and Longi LR4-72HBD-425M [67]. ITECH IT6006C-800-25  
Bi-directional Power Supply emulated the dc microgrid. The following measurement 
equipment was used in the experiments: oscilloscope Tektronix DPO7254, differential 
voltage probes Tektronix P5205A, current probes Tektronix TCP0030A, and PEM  
ultra-mini CWT015. 

Figure 5.9 represent the soft transition algorithm. Figure 5.10 shows the scanning of 
the LR4-72HBD-425M PV module under a cold weather conditions when the open-circuit 
voltage of the PV module achieves the highest value (VLV(OC) = 57 V). The pre-set voltage 
ramp changes the reference voltage between the PV open-circuit voltage and the 
converter minimum operating voltage. During the scanning, the middle-level control 
system switches through all the control modulations from the buck HBI-FBR to the boost 
FBI-HBR. This experiment also verifies the continuous operation of the UPEI in the wide 
voltage range. 

The soft transition algorithm allows the control system to recharge series capacitors 
and change topology configurations smoothly while keeping the voltage and current at 
the low-voltage side at the same value during the transitions. There are small oscillations 
in the voltage after transitions, but they do not influence GMPPT scanning since the 
control system is waiting for the low voltage stabilization before it continues the 
scanning. 

The experimental results in Figure 5.11 verify the performance of the GMPPT 
algorithm under a partial shading condition. The algorithm correctly finds the GMPP 
within the scanning time interval tscan = 62 ms. After achieving the minimum voltage,  
the control system returns to the GMPP and switches to the LMPPT algorithm. The return 
time treturm equals 23 ms. Therefore, the total time of PV scanning required 85 ms. 
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Figure 5.10. Scanning of the LR4-72HBD-425M PV module under a cold weather conditions with 
irradiation of 800 W/m2. 

 

 
Figure 5.11. Tracking performance of the voltage sweep GMPPT algorithm with the LR4-72HBD-
425M PV under following shading profiles of the three substrings: 800/600/300 W/m2 [Paper VI]. 

 

5.2.3 Daily PV Energy Yield Tests 
To verify the operation of the UPEI with different types of PV modules in variable 
conditions, two case study mission profiles were synthesized using real measured data 
of the solar irradiance and ambient temperature. 

The first profile has been measured under the Nominal Operating Cell Temperature 
(NOCT) condition with a maximum solar irradiation of 800 W/m2 and a maximum 
temperature of 47 °C (Figure 5.12a). The second profile demonstrates the solar irradiation 
of a PV module under partial shading from a neighboring building (Figure 5.12b). In the 
second case, one substring of a PV module is shaded during a part of the day when only 
25% of the overall irradiance reaches it in the form of diffuse solar irradiance. It only 
operates under full irradiance during the morning and evening. 
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(a)      (b)  

Figure 5.12. Daily profiles of solar irradiance and a PV cell temperature under NOCT conditions (a) 
and partial shading from a neighboring building (b). 

Four daily tests have been completed to verify the performance of the UPEI with 
different types of PV modules. Figure 5.13a and Figure 5.14a show experimental results 
of UPEI operation with LR60-350M and LR72-425M PV modules, respectively, under the 
NOCT condition. The performance of the UPEI with chosen PV modules under partial 
shading conditions is shown in Figure 5.13b and Figure 5.14b. 

All these figures consist of the following parts: 
1) The red curve is the maximum available power from a PV module in the GMPP; 
the blue curve is the power drawn by the UPEI. 
2) The red curve is the voltage of GMPPT; the blue curve is the real voltage of the 
PV module. 
3) The magenta curve is the efficiency of MPPT. 
4) The red curve is the efficiency of the UPEI. 

The UPEI tracks the GMPP with average MPPT efficiency of around 99.5% in each test. 
As can be seen, the control system rescans P-V curves of a PV module every 30 minutes 
to find the GMPP. In the case of the partial shading profile, there are small deviations 
between maximum available power and real power when the converter is stuck at the 
previous MPP until the next rescanning. The data were logged with a time step of 200 ms, 
which is less than the scanning time. Therefore, the rescanning process is not completely 
visible in the figures.  

It can be seen that, with the decreased power, the converter efficiency decreases at 
the end of the tests. It is primarily associated with disabling the synchronous rectification 
by the control system. At the beginning of the tests, the synchronous rectifier is enabled 
after reaching the required power.  
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(a)      (b) 

Figure 5.13. UPEI operation with LR60-350M PV module under the NOCT conditions (a) and the 
synthesized partial shading from a neighboring building (b). 

 
As the numerical result of the daily tests, Table 5.1 shows the following measured and 

calculated values, which have been presented in [Paper VI]: available PV energy in the 
GMPP EGMPP, the energy harvested by the UPEI EPV, and the energy delivered to the dc 
microgrid EDC.  In addition, MPPT efficiency EPV/EGMPP, the converter efficiency EDC/EPV, 
and the overall efficiency EDC/EGMPP. As can be seen, the daily MPPT efficiency EPV/EGMPP 
is around 99.5%. The efficiency of the UPEI EDC/EPV during daily tests is around 96%. 
Considering these two efficiencies, the overall system efficiency is around 95.5%.  

 

 



55 

  
(a)      (b) 

Figure 5.14. UPEI operation with LR72-425M PV module under the NOCT conditions (a) and the 
synthesized partial shading from a neighboring building (b). 

 
Table 5.1  Daily Operation of the UPEI Two PV Modules Under Different Conditions [Paper VI].  

Energy and 
Efficiency 

Profile and Type of PV module 

NOCT Build shade 

60 cells 72 cells 60 cells 72 cells 

EGMPP, Wh 1355 1648 1478 1801 

EPV, Wh 1351 1644 1465 1788 

EDC, Wh 1312 1577 1403 1719 

EPV/EGMPP, % 99.7 99.8 99.1 99.3 

EDC/EPV, % 97.1 95.9 95.7 96.1 

EDC/EGMPP, % 96.8 95.7 94.9 95.5 
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5.3 Battery Operation Mode 

5.3.1 Application of Droop Control 
In the battery mode, the UPEI operates with bidirectional power flow. For sharing power 
naturally between parallel converters and stabilizing voltage of the dc microgrid without 
any communication in the dc microgrids, the droop control has been applied in the 
battery mode, as described in [Paper VI] and [68] in detail. The idea of the droop control 
is based on the derivation of the power reference value that linearly depends on the  
dc-bus voltage deviation from the nominal value.  

The block diagram of the high-level control system in the battery mode is shown in 
Figure 5.15. The control system is designed based on the PI regulator to control a battery 
current (low-voltage current ILV). As with the PV mode, the PI regulator parameters 
change with control modulations and the direction of the power flow.  

Depending on the voltage of the dc microgrid, the droop control block sets a reference 
battery power PLV(ref). The state of charge (SoC) block recalculates the reference power 
to the reference current ILV(ref). However, the SoC block can limit the battery current if the 
SоC of the battery is out of the range [5%:95%].  

 

 
Figure 5.15. Block diagram of the high-level control system in the battery mode [Paper VI]. 

 

5.3.2 Performance Benchmarking of the Droop Control  
For validating the performance of the UPEI in the battery mode, two batteries, Power 
Brick+ 24V 32Ah LiFePO4 [69] and Power Brick+ 48V 25Ah LiFePO4 [70], have been 
selected. The dc microgrid and selected batteries were emulated in experimental tests 
by two ITECH IT6006C-800-25 Bi-directional Power Supplies. The experimental result in 
Figure 5.16 shows the operation of the UPEI with the 48 V LiFePO4 battery under droop 
control. As can be seen, the control system regulates the low-voltage current and 
changes the polarity of the current without any significant spikes and oscillations.  

DC BUS
350 V

Q1.. .Q4S1.. .S4 …..

IHMCVLVILV VHV

Low control level

Middle control level

VLV VHVILV IHV

Nmode

Battery

High control level

PI

Nmode

State of 
Charge

ILV

ΔILV

VH V, V

350

150

-350

-150
0325

375350

Pre f, W

PLV(re f)

Droop control

VHV

VLV PLVILV

ILV(re f) D



57 

 
Figure 5.16. Operation of the UPEI with 48 V LiFePO4 battery according to droop control [Paper VI]. 

 

5.3.3 Daily Tests of UPEI with 24 V and 48 V Batteries 
The 24-hour test of the UPEI with the 24V 32Ah LiFePO4 battery is presented in 
Figure 5.17. A similar test with the 48V 25Ah LiFePO4 battery was shown in [Paper VI]. 
To synthesize a daily profile of dc microgrid voltage, a measured daily load profile of  
a house (the first plot in Figure 5.17) and a measured daily profile of PV generation  
(the second plot in Figure 5.17) have been used. The power consumption profile has two 
recognizable maximums of 3.4 kW and 3.3 kW at 7 a.m. and 6 p.m., respectively, i.e., 
during breakfast and dinner hours. To cover the energy consumption of the house, it was 
considered that 15 PV modules are connected to the residential dc microgrid. 

According to droop control, the synthesized voltage of the dc microgrid is linearly 
proportional to the difference between consumption and generated power (the third 
plot in Figure 5.17). When the generated power is higher than the consumption, the dc 
microgrid voltage is higher than the nominal value of 350 V. In the opposite case,  
the voltage is below the nominal value. At the power difference peaks, the dc microgrid 
voltage is within the 320 V to 380 V range.  

As Figure 5.17 shows, the UPEI transferred energy from batteries to the dc microgrid. 
When the dc microgrid voltage increases up to 355 V, the UPEI switches to charging mode 
to draw PV energy to batteries. The SoC of the battery was limited in the range [5%:95%]. 
The experimental result showed that the efficiency of the UPEI was around 97% during 
the 24-hour test.  
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Figure 5.17. UPEI operation with Power Brick+ 24V 32Ah LiFePO4 battery for 24 hours. 

Transferred energy and efficiency of the UPEI have been calculated in [Paper VI] and 
listed in Table 5.2 for two battery types. It lists calculated energy transferred to batteries 
from the dc microgrid and energy transferred from batteries to the dc microgrid. In the 
case of charging from 5% to 95% of SoC, the efficiency of the UPEI EBAT(ch)/EDC(ch) equals 
96.3 % and 97.6% in the cases of 24 V battery and 48 V battery, respectively. In the 
discharging mode, the converter efficiency (from 95% to 5% of SoC) EDC(disch)/EBAT(disch) 
equals 97.3% and 97.5%. The round trip efficiency EDC(disch)/EDC(ch) demonstrates how 



59 

much of the stored energy was returned to the dc microgrid. It includes converter 
efficiencies in both modes and battery efficiency. As Table 5.2 shows, the roundtrip 
efficiency equals 87.7% and 88.5% for 24 V and 48 V batteries, respectively. 

Table 5.2  Daily Operation of the UPEI Two PV Modules Under Different Conditions [Paper VI].  

Operation 
mode Energy and Eff. 

Batteries  

24V 32Ah 48V 25Ah 

Charging 
(from 5% to 

95%) 

EDC(ch), Wh -841 -1179 

EBAT(ch), Wh -809 -1151 

EBAT(ch)/EDC(ch), % 96.3 97.6 

Discharging 
(from 95% 

to 5%) 

EBAT(disch), Wh 757 1071 

EDC(disch), Wh 737 1044 

EDC(disch)/EBAT(disch), % 97.3 97.5 

Round trip EDC(disch)/EDC(ch), % 87.7 88.5 

5.4 Source Identification Algorithm 

5.4.1 Description of the Algorithm 
The UPEI must be capable of identifying the input energy source type. Hence, the source 
identification algorithm has been developed and described in detail in [Paper VI].  

The operation principle of the identification algorithm is based on scanning the I-V 
characteristic of a connected input source and calculating the differential conductance 
ΔILV/ΔVLV. The differential conductance of a PV module is not linear: 1) ΔILV/ΔVLV ≪ 0 from 
the VLV(OC) to the maximum power point (MPP); 2) ΔI/ΔV < 0 at the MPP; 3) ΔI/ΔV ≈ 0 after 
the MPP. In the case of a battery, the ΔILV/ΔVLV is virtually constant for one condition of 
the state of charge, and its absolute value is much higher than that of any PV module. 

The scanning process starts from an open-circuit voltage VLV(OC)  and the minimum duty 
cycle for a selected control modulation by the middle-level control system. By increasing 
the duty with the step ΔD, the control system measures the voltage and current and 
calculates the differential conductance ΔILV/ΔVLV value of the input power source, and 
analyses the data. The flowchart of the source identification algorithm is shown in 
Figure 5.18. 

If the low-voltage current achieves the maximum value ILV(max), the control system 
switches to the battery charging/discharging mode, depending on the high voltage value. 
If the control system reaches the MPP during the scanning, the control system switches 
to the PV mode and continues the GMPPT scanning until the minimum voltage VLV(min) is 
achieved. The algorithm also identifies the type of the connected PV module (60-cells or 
72-cells) or battery (24 V or 48 V). 
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Figure 5.18. Flowchart of the developed input source identification algorithm [Paper VI]. 

The high-level control system sets the duty cycle for the middle-level system directly 
during the identification process. Figure 5.19 show the block diagram of the high-level 
control system. The algorithm uses measured and filtered values of voltage and current 
from the low-voltage side to calculate a differential conductance of a connected energy 
source. 

 
Figure 5.19. Block diagram of the high-level control system implementing the proposed 
identification algorithm [Paper VI]. 

5.4.2 Experimental Verification of the Input Source Identification Algorithm 
To verify the performance of the identification algorithm experimentally, the UPEI  
has been tested with the LR4-72HBD-425M PV module and the 48V/25Ah battery.  
The experimental results are shown in Figure 5.11 and Figure 5.20, respectively.  

In the case of the PV module, the algorithm scans the I-V curve of the PV module until 
the first MPP is achieved. Then the high-level control system switches to the GMPPT 
algorithm and continues scanning the I-V curve. The algorithm takes 18 ms to identify 
the PV module.  
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In the case of the battery, the control system gradually increased the battery current 
up to the maximum value. During the scan, the middle-level control system switches 
control modulations from the forward buck HBI-FBR to the forward boost HBI-FBR 
without significant battery current distortions. After achieving the maximum current,  
the control system switches either to the charging mode (Figure 5.20a) or the discharging 
mode (Figure 5.20b). It sets the reference power depending on the voltage of the dc 
microgrid. In the case of the charging mode, the battery current dropped to zero as fast 
as possible, and then the control system switched to the backward buck FBI-HBR mode. 
In the first case, the scanning and return times took 48 ms and 154 ms, respectively.  
In the second experiment with the battery, the scanning and return times equal 31 ms 
and 2 ms, respectively. 

 

 
(a) 

 
(b) 

Figure 5.20. Identification of the battery and tracking performance of the discharging mode at  
VHV = 330 V (a) and the discharging mode at VHV = 370 V (b) [Paper VI]. 
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5.5 Summary 
The author has provided conclusive experimental proof of the high performance of the 
designed UPEI in the wide voltage range from 10 to 60 V with different PV modules and 
batteries. The topology morphing control allowed the converter to achieve an efficiency 
higher than 94% and 93% in the forward and backward power flows, respectively.  
This result further proves the hypothesis that the SRIBBC based on hybrid H-bridge 
switching cells with series capacitors can be used as a universal tool for uni- and  
bi-directional applications without hardware modifications. 

The author has proposed a versatile control system for the UPEI, which has a 
hierarchical three-level architecture. The firmware of the UPEI developed by the author 
includes the following algorithms: the soft transition, the identification algorithms, global 
and local maximum power point tracking, state of battery charge estimation, constant 
current/constant voltage charging and discharging, and fault protection. The developed 
source identification algorithm allows the UPEI  to automatically recognize input source 
type by observing its differential conductance while avoiding sizable input current and 
voltage distortions. The obtained results conclusively prove the feasibility and effectiveness 
of the input source type identification hypothesized by the author. 

The daily tests verify high flexibility of the developed algorithms and quantify the 
performance of a UPEI operating with 60- and 72-cell PV modules and 24 V and 48 V 
LiFePO4 batteries. In the case of PV modules, the overall daily efficiency, including the 
MPPT and the converter efficiencies, is in the range of 94.9 to 96.8%. The daily roundtrip 
efficiency of the prototype equals 96.3% and 97.6% for 24 V and 48 V LiFePO4 batteries, 
respectively, in the charging mode, and 97.3% and 97.5% in the discharging mode. 

These results justify the universality of the developed converter as the front-end 
interface. The UPEI is able to harvest maximum energy from various solar modules under 
different partial shading conditions or save it in battery energy storage with high 
efficiency. Thanks to the TMC and the transformer based on the hybrid split bobbin,  
the prototype of the UPEI has a simple topology based on only one magnetic component.  
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6 Future work 
This work has shown how the topology morphing control extends the voltage dc gain 
range of galvanically isolated dc-dc converters without any changes in hardware.  
The author demonstrated how this feature could be utilized to develop the universal 
front-end interface converter with a wide low voltage range from 10 to 60 V for 
connecting different PV modules and low-voltage battery energy storages to the dc 
microgrid. However, the TMC can also extend UPEI operation to be compatible with two 
voltage standards of dc microgrids, namely 350 and 700 V. The voltage standard of  
700 V provides an opportunity for managing more energy in a dc microgrid. This type of 
dc microgrid can be utilized in industrial buildings.  

To double the output high voltage, the topology of the converter should operate in 
the HBI-HBI and the FBI-HBR configurations in the forward power flow. Therefore,  
the HBI-HBR and the HBI-FBR topology configurations are used in the backward mode. 
The efficiency curves of the UPEI in both power direction modes are shown in Figure 6.1. 
As can be seen, the efficiency of the UPEI is higher than 90% at VHV=700 V in the most 
probable operation range. This result has been achieved with the same components and 
without any changes in the prototype.  

The control system does not require any significant change for operating with two 
standards of dc microgrids. The mode selector in the middle-level control system 
calculates the voltage gain based on measured low and high voltages. In the case of 
VHV=700 V, the mode selector automatically sets the required control modulation and 
topology configuration. However, the voltage sensor should be able to measure high 
voltage correctly from 320 to 760 V. Therefore, the high-voltage transistors, the series 
capacitor, and the filter capacitor should be rated for the maximum voltage of 760 V. 
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(a) 

 
(b) 

Figure 6.1. Experimental efficiency of the UPEI operating at VHV=700 V in the forward (a) and the 
backward (b) power flows at the borders of the safe operating area. 
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Abstract 
Universal Galvanically Isolated DC-DC Converters with 
Topology Morphing Control 
This PhD thesis is dedicated to the development of a novel concept in power electronics 
– a high-efficiency universal front-end interface converter for the integration of PV 
modules and battery energy storages into residential dc microgrids.  

In this work, the topology morphing control (TMC) was justified as a tool for the 
performance enhancement of power electronic converters. This term defines a special 
class of control techniques relevant to power electronic converters based on changing 
the converter topology by modifying its modulation sequence.  

The combination and classification of various TMC techniques were provided. From 
the literature review, low-cost TMC techniques have been selected for the realization of 
a bidirectional isolated buck-boost converter based on the series resonant topology.  
The active switching cells in the low and high voltage side allow for applying buck and 
boost control modulation to control voltage gain smoothly. As a result, the synthesized 
converter operates under six control modes in each direction, combining topology 
configurations and control modulations. A methodology for calculating the dc voltage 
gain and power losses has been developed, which shows deviations between theoretical 
and experimental power losses of less than 10%. 

The benchmarking of control modulations based on the comprehensive analysis of the 
operating modes and power losses was performed. The hybrid phase-shift and 
asymmetric pulse-width modulations are the best for voltage buck operation of the  
FBI-FBR/ FBI-HBR and the HBI-FBR topology configurations, respectively. The phase-shift 
and asymmetric pulse-width modulations are selected for voltage boost operation of the 
FBI-FBR/HBI-FBR and the FBI-HBR topology configurations, respectively. In addition, a soft 
transition algorithm was proposed to avoid current/voltage stress transitions between 
topology configurations and verified experimentally in both power flow directions. 

A prototype of the universal front-end interface converter was built to be compatible 
with different PV modules and battery types. In the case of the battery, the droop control 
algorithm is used for power flow balancing in dc microgrids. Furthermore, the algorithm 
for the identification of the input source type was proposed in this study. The algorithm 
can detect the type of connected input energy source, such as a PV module or a battery, 
based on scanning an I-V curve and estimating the differential conductance of the input 
source.  

The test results show a substantial practical value of the proposed concept. Daily tests 
with 60- and 72-cells PV modules showed that the overall daily efficiency of the developed 
prototype, including the MPPT and the converter efficiencies, is in the range of  
94.9–96.8%. The daily efficiency of the prototype with 24 V and 48 V LiFePO4 batteries 
equals 96.3% and 97.6%, respectively, in the charging mode, and 97.3% and 97.5% in the 
discharging mode.  

The theoretical findings substantially contribute to the field of galvanically isolated 
dc-dc converters by creating and organizing the knowledge regarding the topology 
morphing control techniques. In turn, the practical results demonstrate the benefits of 
the topology morphing control and provide useful solutions for resolving its drawbacks, 
such as soft mode transitions. Moreover, the practical results obtained by the author 
justify the benefits of universal power electronic interface converters and demonstrate 
their attractiveness for fast deployment of residential dc microgrids to the industry. 
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Lühikokkuvõte  
Universaalsed topoloogiat muutva juhtimisega galvaaniliselt 
isoleeritud alalispingemuundurid 
Doktoritöö käsitleb uudset kontseptsiooni jõuelektroonikas – ülitõhusat universaalset 
liidesmuundurit PV moodulite ja aku energiasalvestite integreerimiseks eramute 
alalisvoolu mikrovõrkudesse. 

Töös kasutati topoloogiat muutvat juhtimist (TMC) kui vahendit jõuelektrooniliste 
muundurite jõudluse parandamiseks. TMC kuulub erilisse juhtimismeetodite klassi, mis 
põhineb muunduri topoloogia muutmisel läbi modulatsiooni meetodi. 

Töös esitati erinevate TMC tehnikate kombinatsioonid ja klassifikatsioon. Kirjanduse 
ülevaate põhjal valiti odavad TMC tehnikad jadaresonantstopoloogiaga kahesuunaline 
isoleeritud pinget tõstva-vähendava muunduri realiseerimiseks. Madala- ja kõrgepinge 
aktiivsed lülituselemendid võimaldavad pinge kasvu sujuvaks reguleerimiseks rakendada 
vähendavat ja tõstvat juhtmodulatsiooni. Kombineerides topoloogia konfiguratsioone ja 
juhtimismodulatsioone töötab sünteesitud muundur kahesuunaliselt kuues 
juhtimisrežiimis. Alalispinge võimenduse ja võimsuskadude arvutamiseks on välja 
töötatud metoodika, mis näitab alla 10 % kõrvalekaldeid teoreetilise ja eksperimentaalse 
kaovõimsuse vahel.  

Analüüsides põhjalikult töörežiime ja võimsuskadusid toodi välja 
juhtimismodulatsioonide võrdlus. Hübriid-faasinihke ja asümmeetrilise 
pulsilaiusmodulatsioon on parimaks meetodiks pinge vähendamiseks järgmistes 
topoloogiates täissildvaheldi-sildalaldi/täissildvaheldi-poolsildalaldi ja poolsildvaheldi-
sildalaldi. Pinge tõstmiseks on aga parimaks lahenduseks faasinihke ja asümmeetriline 
pulsilaiusmodulatsioon. Lisaks pakuti välja sujuv siirdeprotsessi algoritm, et vältida suuri 
voolu/pinge kõikumisi topoloogia muutmiste vahel. Tulemused kontrolliti 
eksperimentaalselt kahesuunalise energiavoo korral. 

Loodud universaalne liidesmuunduri prototüüp ühildub erinevate päikesepaneelide  
ja akutüüpidega. Aku puhul kasutatakse alalisvoolu mikrovõrkudes võimsuse 
tasakaalustamiseks “droop” juhtimisalgoritmi. Lisaks pakuti selles uuringus välja 
sisendallika tüübi tuvastamise algoritm. Algoritm suudab tuvastada sisendenergiaallika 
tüübi (näiteks PV-mooduli või aku) tuginedes I-U kõvera skaneerimisele ja allika 
diferentsiaaljuhtivuse hindamisele. 

Katsetulemused näitavad pakutud kontseptsiooni olulist praktilist väärtust. 
Igapäevased testid 60- ja 72- elemendiliste päikesepaneelidega näitasid, et väljatöötatud 
prototüübi igapäevane efektiivsus (sisaldades maksimumvõimsuspunkti otsimist ja 
muunduri kasutegurit) on vahemikus 94,9–96,8%. Prototüübi igapäevane efektiivsus 
24 V ja 48 V LiFePO4 akudega on laadimisrežiimis vastavalt 96,3% ja 97,6% ning 
tühjendusrežiimil 97,3% ja 97,5%. 

Doktoritöö tulemused aitavad oluliselt kaasa galvaaniliselt isoleeritud 
alalisvoolumuundurite valdkonna arengule, luues ja korrastades teadmisi topoloogiat 
muutvate juhtimismeetodite kohta. Praktilised tulemused näitasid topoloogiat muutva 
juhtimise eeliseid ja pakkusid ka lahendusi selle puudustele, nagu nt sujuvad siirderežiimi 
üleminekud. Veelgi enam, autori saadud praktilised tulemused tõid esile universaalsete 
liidesmundurite eelised ja loovad hea eelduse eramute alalisvoolu mikrovõrkude 
kiiremaks kasutuselevõtuks. 
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Publication I 
V. Sidorov, A. Chub, D. Vinnikov and F. Z. Peng, “Survey of Topology Morphing Control 
Techniques for Performance Enhancement of Galvanically Isolated DC-DC Converters,” 
in IEEE Open Journal of the Industrial Electronics Society, vol. 3, pp. 751-777, 2022, DOI: 
10.1109/OJIES.2022.3225265. 
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"0A6,+*D07/GD)04/,?*D,6-G7,FG58DG44,7)6)4,660A/*0/,6-57/.*@.DG44,7)6)4,660AD0+307,7)6*7).,TU<+0/,=V7,5D.+0/,-)C0/*0/,657/07,)4576*6)04D07/GD)).,DG4W4,7)-*7D4,56*7@).,35456*)*D6,4*,6,FG*?58,7)4,6*6)57D,0A).,4,D)*E,4=>.,6,/45CP5DQ6D57P,7,G)458*X,/P96,8,D)*7@6G*)5P8,6,+*D07/GD)04/,?*D,657/).,).,4+58/,6*@70A).,4,D)*E,4=YZ[\]̂_̀ Yab\cd]YeeYf̂ghgYe \̂[\]̂_̀ Yâegi]YeeYf̂ghgYe_jb \̂[\]̂_̀ Yahg[Yh\]bYeeYf̂ghgYek758),475)*?,*+38,+,7)5)*070A5).4,,W+0/,4,D)*E,4C56340306,/*7lmLn=V)D5703,45),*7).,TO<-).,?08)5@,W)4*38,44,D)*E,4oT><p-57/).,?08)5@,WE?,A08/,44,D)*E,4oT:<p+0/,6o6,,:*@=Mqp=>.,340306,/4,D)*E,4D076*6)60A6,?,7/*0/,6-E?,D535D*)046-57/)C0)4576*6)046=k6*734,?*0G6,B5+38,6-).,)4576*6)04603,45),*7).,rstr::+0/,57/D07)408).,4,D)*E,4+0/,=V7).,TO<+0/,-P0).)4576*6)04654,)G47,/r::u*7).,T><+0/,-).,vw*6)G47,/rsu*7).,T:<+0/,-P0).)4576*6)04654,)G47,/07=O,3,7/*7@07).,03,45)*07+0/,-).,?08)5@,@5*70A).,4,D)*E,4D57,FG58HIJKM-q-57/m=>.0G@.).,?08)5@,@5*7*7).,T:<+0/,*6.*@.-).,?08)5@,@5*7457@,0A).*64,D07E@WG45P8,4,D)*E,4*670)56C*/,56*7).,34,?*0G6,B5+38,=>.,.*@.7G+P,40AG)*8*X,/D0+307,7)6*6).,+5*7/45CP5DQ0A).*64,D07E@G45P8,4,D)*E,4=k860-).4,,/*0/,66*+G8)57,0G689D07/GD)DG44,7)*7).,T><57/T:<+0/,6o6,,:*@=MNp=>.*6A,5)G4,*7D4,56,6D07/GD)*078066,657/4,FG*4,6G6*7@xD.0))Q9/*0/,6C*).80CA04C54/?08)5@,=yz{|}~������ ���



���������	
�������������������������������	������	����������	
�	���	

����
	������������������

�������� �!"#$%&'()(*&+#&+$##,-(.#/%01,#).$#0&'2#$%34%567894/56:89%).4056;8<

�������=�8#0()2>?$%&'()(*&+#&+$##,-(.#/%01,#).$#0&'2#$*$(-6@8&(6;8%).6A8<BCDEFGHIJKLMHNOMPFJOOJQGRBRJOGEDEFGHIJKBRDJBEFNJOOJQGRBRJOHSNDEFGHIJKTRUBEFNJOOJQGRBRJOVWXYZ[\]̂_̀abcdeXYX_ZYfeXgẐhXeidXefẐ_ĵ_ZWXklmnZWXkomnf_\ZWXpiqZfjXrŶstiq\XeeXgẐhXeukvmwxi\XYuYXXôjybawyzi\X̂YYXqXgZX\{]Z[e_̂_j|}~|ooZWXYZfẐgZef_ŶYZieYq̂�X̂_ZWXdeXp̂i[YgfYXyôjyb�Xsdqf̂_YZWXidXerfẐi_itY�̂ZgWXYf_\\̂i\XŶ_\̂ttXeX_Zxi\XYy�_ZWXq̂YZX\
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��ª«¬¬¬



��������	
������������������������������������������ ��������������!"�#$%
&$%
'"�#$%
&()
'"�#()
&()
'"�#���()
&*�����!
�������+	
��������������������������������,!-./-012324156-7289:;<64<47956256=>?=@ABCDEFG?HIJE?I?KL?FMCNMODELLCE?NOKB?HKOPOEQOKHBOEERHSCEOL?F>HP>SL?JTDJJ>CLCQCELOHBUVWXIHBNCTBCKQ?NL?NY=>?SLDFRHKZ[\]JNCJCS?FOPOEQOKHBOEERHSCEOL?FFBTFBBCKQ?NL?NBCKSHSLHKPCML>?̂ DOSHT_TSCDNB?K?L̀CNaOLL>?HKJDLbL>?cdebOKHSCEOLHCKLNOKSMCNI?NbOKFL>?N?BCKfPTDNOGE?N?BLHf?Ǹ HL>CK?OBLHQ?S̀HLB>US??cHPY[[XY=C?gL?KFL>?HKJDLQCELOP?NOKP?bL>?JNCJCS?FIHBNCBCKQ?NL?NBOKCJT?NOL?HKL>?GCCSLOKFGDBaICF?SY=>?VWIHBNCBCKQ?NL?NBOKLCE?NOL?LNOKSHSLCNMODELSHKL>?cdeOSL>?ICSLSLN?SS?FJONLCML>?IHBNCBCKQ?NL?NYh>?KOS>CNLTBHNBDHLMOHEDN?UiAcX
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����� ������	
�	���
�
����������
����������
�������������

������� �������  � �!"#��$%�&!'��"#�(���)�'*&+,���-$��)!'*�� "���-���.�'� )"/012���)!'3012��4�)!'&!'��"#�*)+,�)�'*&+,���-$��)!'*�� "���-���.�'� )"/012�5�)!'3012�4����"(����� (��."#�)!)�6 � �("#��.)�.�'� "#)""#�7��87� �'�$%�+�&�'�97����!+��! ��!�:+)!""#��.)�+6+��!�'&��!�"#�"�)! �"��!*�"���!"�7����6+�!:�&�)"��! �$���;���"#� �"�)! �"��! )�����)"�;��6�!(��<&�!"=�) ��6�! &��'*6+�!"���>) "#�6#)77�!.� "�6'&��!� +)!!�!�) �&�+�������'&��!����*)�.)9�.&.7����7��!""�)+,�!��()��.�'&����#& ��"+�&�'*�+�!+�&'�'"#)""#�6����!�""#��)"�!"#�+�!;��"��? ��(�"�.�@7)  �;�+����!�;�)7��!"�'+��+&�"*�)�' &�()+�+�&�'*�& �'�!"#�7��7� �'�$%��ABCDEFGDHIFDJKJL3JMNGOJEENE�!��'��"�(&��6&!'�� ")!'"#�'� "��*&"��!�(7������  � �!"#�+�!;��"���!#��#8 "��  �'�7��)"�!�7��!" �"#�.�"#�'����6'� +��*�'�!'�")���!P�Q�) )77���'"�+)�+&�)"�"#�+�!'&+"��!��  � �(7��.)�6)!' �+�!')�6"�)! � "�� =*�&�)!'*���!>� ��"+#�!���  � �(7��.)�6)!' �+�!')�6"�)! � "�� =���#"*�&�)!'��)!��>�+�!'&+"��!��  � �("#�"�)! (��.����!'�!� =6�����>�)!'+�.*�!�'��  � �("#��!7&"8)!'�&"7&"8 �'�+�.7�!�!" =����!>�!"#�*&+,���-$��)!'*�� "���-$��+�!"���.�'� )"/RST���)!'3RST��5��!"#�(���)�''���+"��!)!')"/RST�5�)!'3RST�4���!"#�*)+,�)�''���+"��!= ��������>��#�+)�+&�)"�'7������  *��),'��! +�����)"���"#"#��97���.�!")��� &�" )!'"#�"�.7��)"&���("#�+�.7�!�!" �!*�"#+�!;��"�� ��#�+�!'&+"��!��  � �("#����8;��")�� �'� ��"+#� )!'+�!'&+"��!)!' ��"+#�!���  � �("#�#��#8;��")�� �'� ��"+#� )��"#�#��#� "�!"#�*)+,�)�'*&+,���-$��.�'���#� ��"+#�!���  � �("#����8;��")�� �'� ��"+#� )��"#�#��#� "�!"#�*)+,�)�'*�� "���-���.�'���#� ��* ��;)"��! 7��.7""#�+�!+�& ��!"#)""�")���  � �("#�+�!;��"��)��#��#���!"#�*)+,�)�''���+"��!��#���(����"#� ) 7�+" #�&�'*�"),�!�!"�)++�&!"�!"#�"#��.)�'� ��!�("#��$%�� ���
��U��
�!"#� )�"�+���"#�*�'���+"��!)�� ��)"�'#�9).�'�'+-'++�!;��"��� 7��7� �'(����'��)�!�)!��)77��+)"��! �!'+

.�+�����' ��#)!, "�"#��%�*) �'�!"#�#6*��' ��"+#�!�+��� �"#�+�!;��"���7��)"� &!'�� �9+�!"���.�'� �!*�"#'���+"��! ��#��7��)"�!�7��!+�7�� )!'"#����"�+)��<&)"��! (��"#�+)�+&�)"��!�("#�'+;��")���)�! )!'"#�'&"6+6+���(�)+#.�'�)��'� +��*�'���.7)��'"�+�!;�!"��!)�"��8.�'�*&+,-*�� "+�!;��"�� �"#�7��7� �'+�!;��"��);��' )!6)*8!��.)��7��)"��!*6,��7�!�"#�+�!;��"��*&+,��*�� "()+"��*����"��(��'�	�4�8� �)"�'7��"�"67���"#)���8;��")���)!��(��.��&7"����)!')�4���&"7&";��")���) *&��""�*�+�.7)"�*����"#"67�+)��� �'�!"�)���.�'&�� )!'*)""���� ��"�) '�.�! "�)"�'"#)""#�+�!;��"��+)!,��7"#��(:+��!+6)*�;��VW�!"#�(���)�''���+"��!*6#)�!�  �!�"#�#��#�(:+��!+�� �("#���X�Y�7��)"�!�7��!" ��#� ��.)�,)*���� &�"�) )+#��;�''� 7�"�+�!;��"���7��)"��!)""#��	�!;���7�������.)9�.&.7����Z+&���!"��#�7�),�(:+��!+6�("#�*&��"7��"�"67�)+#��;�'� �5��W�!"#�(���)�''���+"��!)!'����W�!"#�*)+,�)�''���+"��!��#�7��7� �'+�!;��"��)+#��;� "#�#��#8�(:+��!+6[���8;��")�� ��"+#�!�)!'Z��[���8+&���!" ��"+#�!��("#��!7&")!'�&"7&" �'� ��"+#� ��" #�&�'*�!�"�'"#)""#�+�!;��"���7��)"� &!'��):9�' ��"+#�!�(��<&�!+6�)!'�!�6�!���"�� ��"+#� )��"&�!�'����"##��#+&���!"�!�)+#�("#� �9�7��)"�!�.�'� �	���
X�Y�97��  ��! (��"#�+)�+&�)"��!�( ��"+#�!�)!'�. +&���!"�!"#�+�!;��"��&!'��"#�*&+,���-$��.�'��!)!6'���+"��!)��'���;�'*������#�).7��"&'��("#��� �!)!"+&���!"'&��!�"#�)+"�;� ")"�+)!*�'�:!�') (����� \]̂_̀ Ta�!bcde�&"f gheijfkl =��>�#���kl� "#��.7�')!+��("#��� �!)!"")!,)!'manl� "#�7�),8"�87�),;��")����77���("#��<&�;)��!"�� �!)!"+)7)+�"��op��#�+#)����;�!) (����� \klTqr�,sl =�V>manlT ]�&"slbtu =�4>slT sfbsvsfdsvbcfw =��>�#�7�),�("#�.)�!�"�[�!�+&���!"�<&)� ]xyz.)9{Ta�!bcb|*,}bry bt��w =��>�#���(����"#� ��"+#�!�+&���!"�(7��.)�68 �'��)���!�8���"�)! � "�� +)!*�+)�+&�)"�') (����� \]~����z��{Tcb�]�,̀ b����|*,b���b�l�d]xyz���{�w=�5>�#�;��")���("#��<&�;)��!"�� �!)!"+)7)+�"��op)""#��!'�("#�)+"�;� ")"��<&)� anlz�{T]�,̀ bklb����|*,b���b�l�ga�!bcw =��>���������������� ���� ����¡�������¢�£¤������¥��¦�� ��§��̈�£�������©§ª�«�¬���¤�������¤����®̄°±²±³�¤��®̄¢̄́ ¢̄³�¥£µ�̈��¡�¶···�̧¹����ª��º� �������� �¤¹¹�§ª�



���������	
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	���
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