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1 Introduction 

1.1 Background 
Climate change requires reduction of CO2 pollution in the world [1]. To address this, 
renewable and alternative energy sources are continuously growing, extending the 
application area of the power electronic interfaces. Such an increase in renewable 
sources provides a shift to the decentralized power system, and the amount of energy 
generated by the power plants is continuously decaying. Renewable sources such as solar 
and wind, together with the storage technologies, including the batteries, fuel cells, 
supercapacitors, require various converters to match the different voltage levels and 
provide smooth and efficient control of power [2]-[4]. As a result, the concept of  
zero-energy building has emerged where the on-site renewable power generation is 
combined with the storage systems to provide reduced energy consumption from 
external energy sources and potentially give benefits in the economic aspects [5]. This 
has resulted in the increased interest and demand in the various types of residential 
energy generation systems, like building-integrated and rooftop photovoltaic systems, 
fuel cells and battery energy storages, or small-scale wind turbines [6]. Such energy 
sources and generators require an interface between different voltage levels, generally 
managed by various power electronic converter types, which often have to be capable 
of operation with different voltage levels of the common DC or AC power line [7]. Thanks 
to very fast response times, the energy storages interfaced with such power electronic 
converters can participate in the balancing of the AC grid and to support the grid in the 
case of the different power generation variations from the renewable sources and 
support the uninterruptible power supply for some critical loads [8]. 

The power electronics converter technology is continuously improved with the 
developments in the semiconductor and passive component technologies. Another 
direction of the improvements lies in the smart functionality and user-friendly  
user interface of the converters, which gives benefits today and, in most cases, is a 
requirement. It allows for provisioning information about the parameters to the user and 
provides the control of the device when it is required. Other continuously growing 
markets for the power electronic converters are chargers for electric bikes and vehicles, 
railway applications, various variable speed drives, and the design of the new converter 
topologies at a lower price, cost, size, and high reliability. 

1.2 Motivation of the Thesis 
Today’s converters in the power distribution systems have to work with the variable DC 
voltage sources and connect them to the utility AC grid. The converter also may include 
the galvanic isolation to provide safe operation. In most cases, the task is to provide the 
voltage step-up of the low DC voltage, which is typically achieved with the two-stage 
topology (Figure 1.1) [9]. First, the input DC voltage is stepped up using a DC-DC stage 
(may also include the HFT) and stabilized with an HV DC-link capacitor. Then, the inverter 
stage converts the constant DC voltage to the required AC voltage. The benefits of this 
approach are the wide range of regulation and overall simplicity, which has enabled its 
wide adoption in different practical applications [9]-[12]. Also, this converter type can be 
capable of bidirectional application, but in some cases, it requires a complicated control 
system to provide proper regulation. 
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Figure 1.1  Typical structure of two-stage DC/AC converter [I]. 

The other option is to utilize the single-stage solution or the IMC without an 
intermediate DC link. These types of converters allow direct conversion between the DC 
and AC sources [13]-[20]. Similarly, such converters can transfer power in both directions 
and provide a wide range of soft-switching. The IMCs have been proposed for a range of 
applications with various voltage and power ratings, demonstrating their scalability and 
versatility [I]. These features can potentially lead to a wide range of industrial 
applications, giving the motivation for research in this area. 

The design of the IMC for a specific application depends on the design requirements 
and limitations of topologies and existing technologies. The advantages of IMCs can be 
summarized as: 

1. They could provide soft-switching in all semiconductors, with the utilization of
special modulation methods.

2. They avoid the bulky HV DC-link capacitors. Only an electrolytic capacitor for
filtering the double grid frequency current ripple at the DC-side can be used.

3. The efficiency and cost could be reduced using semiconductors with the reverse
blocking capability.

The main limitation of the IMCs compared to two-stage topologies is its relatively 
narrow input DC voltage regulation range, which limits their applicability where wide 
voltage variations could occur. Many limitations of the IMCs are related to the available 
technologies and materials rather than the concept itself. The control complexity did not 
allow the use of the IMCs due to the limitation of the microcontrollers when the first 
solutions of this type were proposed around 30 years ago. Nowadays, the IMCs gain 
popularity despite the complicated control system due to the availability of low-cost 
high-performance microcontrollers, which proves the timeliness of the given research. 

In the recent few years, the IMCs have attracted more research attention. The main 
trend has focused on the topological aspects, the system component optimization, 
optimization, and improvements of the system efficiency and switching transients, 
reduction of the voltage overshoots and stresses of the semiconductor components. 
Another trend is the study and optimization of rectifier (AC-DC) operation mode. Today’s 
technologies allow for reaching IMC efficiencies comparable to that of the two-stage 
converters. Nevertheless, various design challenges still exist and require additional 
research and improvements. For example, the transformer design optimization and 
improvements in operating conditions of the semiconductor components are needed to 
improve power conversion efficiency and silicon utilization further. 

This thesis research was conducted based on one of the main research directions of 
the Power Electronics Group of Tallinn University of Technology. The activities aim to 
study and design the IMCs that include the CS switching stage in the AC-side and to 
improve industrial awareness of such systems. The current work was supported in part 
by European grants VE19058 and EMP474 (involving the study of the current 
source-based converters and their suitability for the battery chargers and storages), and 

DC – DC Converter   DC – AC Converter  
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DC
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in part by the Estonian Centre of Excellence in Zero Energy and Resource Efficient Smart 
Buildings and Districts (focused on the research of the optimal usage of the resources 
and improving energy conversion efficiency). 

1.3 Aims, Hypotheses and Research Tasks  
The power electronic converters based on the IMC topologies are not as widely adopted 
by the industry as the two-stage topologies though both have been under development 
for some time and are offering many potential areas of application.  

The current Ph.D. research aims to design and experimentally evaluate the performance 
of current source-based IMCs. The author sets a goal to demonstrate that the IMCs are 
a versatile technology with reduced number of conversion stages that has potential in 
certain applications. The contributions of this thesis are intended to outline and address 
the existing challenges of IMCs from multiple directions and to advance the emerging 
field of IMCs, bringing it closer to wider industrial adoption. 

Hypotheses: 
1. New modulation methods can extend the IMC operation to four-quadrant on the 

AC-side and provide the operation with non-unity PF without using active snubber 
circuits. This allows for providing operation with inductive and capacitive loads.  

2. The modulation methods for the IMCs could be extended and improved for 
providing ZVS in the DC-side semiconductors during the whole grid frequency 
period and in both power transfer directions. 

3. The replacement of the anti-series connection of the regular IGBTs in the AC-side 
of the IMC by the anti-parallel RB-IGBTs could improve the efficiency of the IMC. 

4. Combining the novel modulation methods with tailored design of the hardware 
part allows for realizing high step-up IMCs to extend the application range of the 
IMC family. 

Research Tasks: 
1. Review of the existing IMC topologies, analysis of their drawbacks and limitations 

in different applications.  
2. Research and improvement of the existing modulation methods for the FB IMC; 

extension of the ZVS range for the DC-side semiconductors.  
3. Research the operation of the case study FB IMC for non-unity PF and investigation 

of possibilities of revoking the additional active snubber requirement for this 
operation mode. 

4. Characterization of the RB-IGBTs and experimentally evaluation of their 
performance in the AC-side of the case study FB IMC.  

5. Research, design, and experimental verification of the high step-up isolation 
transformers for the integration of the low-voltage DC sources to the utility grid 
with FB IMC.  
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1.4 Contribution and Dissemination 
This research contributes to the advancement of the IMC technology and, in particular, 
the emerging field of the high-step-up IMCs. The main scientific and practical 
contributions of the Thesis are listed below. 

Scientific contributions: 
• Systematization and classification of IMCs, identification of their benefits 

and limitations. 
• Synthesis of novel modulation methods for the inverter and rectifier 

operation modes of the IMC with improved soft-switching performance. 
• Development of novel characterization methodology for the reverse 

blocking discrete and composite semiconductors with controlled current 
slope (di/dt). 

Practical contributions: 
• Implementation and characterization of RB-IGBTs in the IMC. 
• Demonstration of the four-quadrant operation capability of the IMCs 

without active snubbers. 
• Derivation of design guidelines for the implementation of high step-up IMC. 

Main findings related to this Ph.D. thesis are based on 7 papers attached and listed in 
the List of Author’s Publications. Among them, 6 papers were reported at different 
international conferences of IEEE, and 1 paper was published in the international peer-
reviewed journal. 

1.5 Experimental setup 
The experimental verification was done using the simulation models and three different 
converter prototypes. During the verification various laboratory equipment was utilized. 
The prototypes were supplied from DC sources Elektro-Automatik EA-PSI 9080-60  
and Chroma 2150H- 1000S and loaded by the passive-resistive load. For capturing of  
the experimental waveforms, the digital oscilloscopes Tektronix DPO7254 and 
MSO4034B with the current probes Tektronix TCP0150A, TCP0030A, Rogowski coil 
CWTUM/015/R and high voltage differential voltage probes Tektronix P5205A were 
used. For measurement of the efficiency of the IMCs the power analyzer YOKOGAWA 
WT1800 was utilized. The photo of the experimental setup shown in Figure 1.2. 
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Figure 1.2  The experimental setup workplace 

1.6  Outline 
The main findings of the research are discussed in Sections 2 to 5. In Section 6, 
the summary of the work and future research directions is shown. 

Section 2 addresses the current state of the art of the existing IMCs. It includes the 
general classification of the existing topologies and modulation as well as identification 
of the drawbacks and challenges of the FB IMC.  

Section 3 presents the new modulation methods for the inverter and rectifier 
operation modes for the unity PF as well as the power factor correction functionality for 
the non-unity PF. The operation principles, benefits, and drawbacks of the proposed 
methods are presented and analyzed.  

Section 4 discusses the implementation possibilities of the RB-IGBTs in the AC-side of 
the IMC. The novel characterization methodology for the reverse blocking discrete and 
composite semiconductors is proposed. 

Section 5 focuses on the design and practical verification of the high step-up 
transformer for the IMC, providing the direct connection between the low voltage DC 
source such as the battery or fuel-cell with the utility grid. 



14 

2 State of the Art of IMCs 
The section is based on the paper [I], where a detailed analysis of different IMC 
topologies, modulation methods, and control algorithms is presented and the potential 
applications are discussed.  

2.1 Topologies 
The IMC is the subclass of the matrix converters, which have bidirectional 
semiconductors on one side in the topology and provide galvanic isolation between the 
stages. At the same time, they do not require the HV DC-link capacitor and interface the 
DC and AC sides with only one conversion stage, as compared to the two-stage 
topologies [12] that comprise the HV DC-link and two conversion stages. The general 
structure of the IMC is presented in Figure 2.1.  

Figure 2.1  General structure of the IMC [I]. 

Starting from 1990s, more than 30 topologies have been reported as a result of the 
research and development of the IMCs; a review is presented in [I]. In the 1990s, 
the topologies based on thyristors and IGBTs were proposed, with the operation 
frequencies up to 20 kHz. At that time, the available components and quite complex 
control limited demonstration of high efficiency, which usually did not exceed 90% [14]. 
The main research trends in the IMC topologies were dedicated to converter circuit 
aspects, the optimization of the components (used semiconductors, transformer, grid 
filter, etc.), optimization, and improvements in the switching conditions of the 
semiconductors, losses in passive components based on existing industrial technologies. 
As a result, continuous improvements in converter efficiency were achieved. Other 
research efforts were focused on the implementation of the rectifier operation mode 
and modulation methods thereof. Besides, the interest of researchers was directed 
toward the synthesis of new modulation techniques that either utilized parasitic 
components for soft switching or minimized their influence on the converter operation 
as some of them are unavoidable, e.g., leakage inductance, the parasitic capacitances of 
the transformer, semiconductors, and PCB, etc. These improvements, together with 
developments in the technologies of the semiconductor components and magnetic 
materials, enabled the use of significantly increased switching frequencies (up to 
200 kHz, which could be potentially increased further with the utilization of the GaN 
semiconductors), improved power density resulting from the reduced size of the 
magnetic components. Moreover, today’s IMC efficiency is close to 96%, for example, 
in [15], [16], which now is comparable and sometimes superior to the two-stage 
conversion systems. Nevertheless, various design challenges related to IMCs still exist; 
the majority of them are related to the optimization of switching sequences, improving 
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the converter efficiency, and switching conditions for semiconductors, and consideration 
of transformer design. 

The applications of the IMC are various and span from the low voltage and 
power [16], [17] to high voltage and high power converters [18]-[21], which show the 
versatility of this power conversion technology. The most prominent applications include 
uninterruptible power supplies [14], photovoltaic microinverters [16], [17] and inverters 
[22], fuel cells [23], Li-ion battery storages [24], electric vehicle charging [20], railroad [25], 
and electric drives [26]. It is worth mentioning that three-phase implementation of the 
IMCs could be used in applications where operating power exceeds the limit of  
single-phase systems (typically, 16 A per phase in residential and small commercial 
settings). 

The study [I] proposed the classification of the existing IMC topologies shown in 
Figure 2.2. The topologies can be divided by type – current source and voltage source 
converter based IMCs. In the current source converter-based topologies, the current 
flowing through semiconductors in the AC-side Io is continuous, and the grid filter is 
usually of LC- or LCL-type. On the contrary, in the voltage source converter-based 
topologies, the AC-side diagonals are commutated with certain dead-time intervals, the 
current through the semiconductors Io is discontinuous, and usually a CL-type filter  
is used. Secondly, the IMCs are classified in terms of the presence of the resonant tank 
in the topology. Thirdly, the division by the configuration of the topology type is 
performed. It comprises different topology types, including the variety of bridge,  
half-bridge, and push-pull configurations. Finally, the classification includes the existing 
modulation strategies. 

   
Figure 2.2  The classification of the IMCs [I]. 
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In this work, the research is focused on the FB IMC, which is shown in Figure 2.3.  
In the current research the different prototypes with different DC voltages (48, 350, 400) 
and transformers (1.1:1, 1:10) were built and studied. This topology consists of two  
FB switching stages. The DC-side voltage source bridge utilizes the unidirectional 
semiconductors T1 – T4. The AC-side is represented by the bridge with the bidirectional 
semiconductors S1 – S4, connected to the HFT. The capacitor CDC is used for damping the 
double grid frequency current ripple. The LCL filter is used for the grid connection, which 
allows providing a lower current ripple magnitude and current sensing with one current 
sensor [27], [28]. The topology is suitable for an extensive range of power and voltage 
levels [16]-[26] and features a number of possible switching states, which allow using 
various modulation strategies [15], [16], [23], [25]. The main research directions for  
this topology include improvement of the switching transients to reduce losses and 
voltage overshoots across semiconductors (using sophisticated modulation strategies 
and topology modifications), optimization of the transformer parameters and 
implementation of different semiconductor technologies.  

 
Figure 2.3  The current source converter based FB IMC topology. 

2.2 Modulation Methods 
Most of the IMCs topologies today feature soft-switching or partial soft-switching of 
almost all semiconductors, achieved with the utilization of special modulation strategies.  

For forming the output voltage, the sinusoidal modulation strategy can be used in the 
DC- or AC-side of the FB topology. In the case of the DC-side modulation (also referred 
to as primary side modulation), the sinusoidal output is formed by modulation based on 
the PWM [16] or PSM [23], which is applied to the DC-side semiconductors. At the same 
time, the AC-side semiconductors could also have a special modulation utilized for the 
rectification of the modulated shape of voltage/current. The second, more widely 
addressed modulation method is applied to the AC-side semiconductors (also referred 
to as secondary side modulation). In this case, the DC-side semiconductors work with the 
constant duty cycle resulting in fixed duration high-frequency pulses applied to the HFT. 
The PWM [15] or PSM [25] is applied to AC-side semiconductors, which are forming the 
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sinusoidal voltage and current. Hence, a control system for an IMC could contain main 
and auxiliary modulators. The main modulator is controlled in a closed-loop to ensure 
the IMC output follows the reference sinusoidal signal. In contrast, the auxiliary 
modulator usually provides fixed periodic gating signals synchronous with the carriers of 
the main modulator. 

To control the value of the duty cycle or phase shift of the main modulator, a 
voltage/current controller with feedback is required (Figure 2.4). This controller defines 
the shape of the input modulation signals for the main modulator. Typically, the 
sinusoidal reference and the feedback from the converter output are given to the 
controller inputs. The main modulator defines the gating signals for the semiconductors 
based on the main controller input signal. Single-phase systems typically utilize sinusoidal 
modulation [14], while both sinusoidal and space vector modulation was addressed for 
three-phase systems [30]-[32]. Moreover, recently the model predictive control was 
proposed for voltage source IMC [33]. 

 
Figure 2.4  General representation of the control system for the IMC. 

One of the challenges of the current source IMCs is that the transformer leakage 
inductance and the output filter are acting as two current sources during switching 
transients. The current mismatch between the inductances creates high voltage spikes 
across the AC-side semiconductors [II]. Adding the commutation overlap to these 
semiconductors allows to achieve the ZCS turn-off [15], [16], [25]. The paper [III] 
provides a comparison of the modulation methods presented in [15], [25], and the 
extended version of the method [34], focusing on the analysis of transient intervals, 
regulation range and power losses.  

The study in [15] proposes two methods utilizing the unipolar sine PWM. These 
methods differ in the number of semiconductors working either at high or low frequency, 
at the same time achieving the ZVS in DC-side semiconductors and ZCS in the AC-side 
semiconductors. In one of them, four of the AC-side semiconductors operate at grid 
frequency. To achieve the ZCS in the semiconductors in the AC-side, the leakage 
inductance current must decrease to zero before the semiconductors are gated to turn 
off. To achieve ZVS in the DC-side, the output capacitance of the semiconductors should 
be discharged, allowing the body diodes to start conducting current before the 
semiconductors is gated to turn on. These soft-switching conditions are limited to a 
certain current value, and thus, soft-switching is lost around the grid current  
zero-crossing point. The second method is based on the same principle, with six AC-side 
semiconductors operating with switching frequency, while the other two operate at grid 
frequency. In this case the synchronous rectification is provided, improving the efficiency 
of the IMC. 
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The paper [16] proposed a PWM based modulation method for the DC-side 
semiconductors. In this case, the AC-side semiconductors operate as a rectifier, where 
two of the semiconductors are working at grid frequency, and all other at the switching 
frequency. Similar to the previously described methods, the value and slope of the 
leakage inductance current determine the duty cycle required for the ZCS of the AC-side 
semiconductors, while ZVS can be lost near the grid current zero-crossing point. These 
issues can be alleviated with the specific design of the transformer and precise control 
of switching sequence time intervals for all semiconductors. For operation with the  
non-unity PF, an active flyback-type snubber is utilized. Also, in [16], an evaluative 
comparison with the methods from [15] and [23] is presented.  

The study [25] proposed the PSM based modulation based on the utilization of a  
quasi-resonant switching state, which allows recharging the parasitic capacitances of the 
semiconductors (together with external snubber capacitances) at the DC-side, when the 
current in the circuit is relatively small. This state is introduced near grid current  
zero-crossing points for achieving the ZVS in the DC-side semiconductors. At the higher 
values of the current, another PSM modulation is applied, which means that this method 
utilizes the multimode modulation. The control system must select an appropriate 
modulation method on-line, which increases the complexity of the converter control. 

Existing methods of providing non-unity PF operation involve the use of an additional 
active snubber. Despite providing additional functionality, like voltage overshoot reduction 
across the AC-side semiconductors [16],[35], such active snubbers require sophisticated 
control and add significant complexity the topology. Subsection 3.3 proposes a method 
aimed at simplifying the control system and allow to avoid the additional active snubber. 

2.3 Design Considerations  
Transformer 
The HFT is one of the most important components of the IMC, whose design needs 
special care to ensure the desired performance of the converter. The general design 
challenges of the HFT for IMC are as follows: the core losses from the eddy currents and 
magnetic hysteresis losses, the high-frequency losses due to the skin and proximity 
effects in the transformer windings, losses of the winding connectors in the case of the 
high current application, inter-winding capacitance and leakage inductance. The impact 
of the transformer losses on the total power loss of the IMC is mostly determined by the 
operating frequency. In the case of frequencies around or below 20 kHz, mostly GTOs 
and IGBTs are applied, and their switching losses mostly determine the total power losses 
of the IMC. At higher switching frequencies, the Si and SiC MOSFETs are mostly utilized, 
and the impact of the losses in transformer on the total power loss is increased. 

The isolated power electronic converters generally utilize the ferrite core with RM or 
PQ shape for converters of up to 1 kW of power and EE or toroid cores for the higher 
power applications. The improvement can be achieved with the utilization of advanced 
magnetic materials. For example, the nanocrystalline and amorphous materials can be 
used, which can reduce the volume but increase the cost of the transformer [39], [40].  

For the IMCs with voltage gain close to unity, the transformer designs with good  
trade-off between various constraints can be relatively easily achieved [15]. On the other 
hand, for transformers with high step-up ratio, the problem of increased leakage 
inductance becomes much more prominent and more sophisticated design is required 
to obtain optimal characteristics. In this thesis several transformers with high turn ratio 
design were build and evaluated to further extend the potential application range of the IMCs.  
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Semiconductors 
Research in the IMC topologies has benefited from improvements of the power 
semiconductors technology – from the silicone GTOs and IGBTs to MOSFETs and WBGs. 
New manufacturing and packaging technologies of the semiconductors allow for the 
increase of the switching frequency and reduction of the switching and conduction losses 
in the semiconductors and reverse recovery losses in the diodes. The FB IMCs require 
many semiconductors due to the bidirectional voltage blocking requirement of switches 
in the AC-side, which are usually formed by two identical semiconductors with the 
anti-series connection. However, in fact the total number of semiconductors is similar to 
the accepted and widely used two-stage topology solutions. Recent developments of the 
single-chip reverse and bidirectional blocking semiconductors opened up the new 
possibilities of the industrial implementation of the IMC, due to the capability of reducing 
the number of series-connected AC-side semiconductor components by a factor of two. 
The relevant technologies for the Si, SiC, and WBG semiconductors has been reported 
in [41]-[44]. 

Figure 2.5 shows the existing current and voltage limits of the various reverse blocking 
semiconductors available from Mitsubishi (reverse blocking thyristor), ABB (reverse 
blocking insulated gate commutated thyristor), Infineon (electrically triggered thyristor), 
Dynex (reverse blocking thyristor), IXYS, and Fuji Electric (RB-IGBT). In section 4, the 
feasibility and benefits of the RB-IGBTs will be described for the IMC.  

Figure 2.5  General voltage and current ratings of different reverse blocking semiconductor 
technologies [45]. 

Snubber circuits 
One of the challenges in the IMC is that the AC-side FB works as a current breaker 
between the leakage and the output filter inductances and could create the current 
mismatch and voltage overshoots. Utilizing the ZCS at the AC-side using special 
modulation methods allows to partially solve the problem. However, the resonance 
process between the leakage inductance and parasitic capacitance is still present in the 
circuit. It could cause the avalanche effect in the semiconductors, increasing the total 
power losses and decreasing the reliability. Figure 2.6 shows different snubber circuits, 
which are connected to the transformer AC-side terminals for the voltage overshoot 
reduction. Passive snubbers (a) and (b) provide the heat dissipation from resistance, 
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which deteriorates the converter efficiency, while active snubber (c) and (d) allow 
regeneration of the oscillatory energy to the DC-side. The paper [II] presents the 
comparison of various snubber circuits for the IMC.  

 

(a) (b) (c) (d) 

Figure 2.6  Different snubber circuits for clamping voltage overshoots in IMC: 
passive (a, b) and active (c, d). 

2.4 Generalizations 
This section described the current state of the art of the existing IMCs. The main 
highlights are the following: 

• The classification of the existing IMCs based on the AC-side topology type is 
proposed. It provides systematization of the existing state-of-the-art in the field 
and highlights their typical applications, advantages, and constraints. 

• The existing modulation strategies for the FB IMC do not usually provide ZVS 
conditions for the whole fundamental grid period and further research and 
improvements in the area of modulation strategies are possible.  

• The operation with non-unity PF is generally supported with additional circuits 
(active snubbers) that increases the overall complexity of the IMC. Further 
research is necessary to cease this requirement. 

• The HFT and the AC-side semiconductors are among the most critical 
components of the IMC. The design of the HFT should meet a number of design 
constraints for achieving the optimal operation of IMC, particularly in high  
step-up application. From the power semiconductor point, solutions aimed for 
reduction of number of series connected devices for reduction of on-state losses 
need to be evaluated. 
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3 New Modulation Methods for IMCs 
In the previous section, the FB IMC topology and associated design constraints were 
described and highlighted. One of the possible options to improve the switching 
sequences and reduce the influence of the parasitic parameters is the utilization of 
special modulation strategies, which allows providing the soft-switching conditions and 
reduction of the voltage overshoots. Sections 3.1 and 3.2 will describe the new proposed 
modulation methods for the inverter and rectifier operation modes with the unity PF. 
The subsection 3.3 presents the operation of the IMC in the case of the non-unity PF. 

The new inverter modulation method described in subsection 3.1 uses the constant 
duty cycle to control the DC-side semiconductors, while the output current is formed by 
the PSM applied to the AC-side semiconductors. The proposed method allows ZVS in the 
DC-side semiconductors during the entire grid frequency period. Moreover, it reduces 
the turn-off losses by adding the lossless snubber capacitor to the DC-side, without the 
requirement of additional active components or increased switching frequency. This 
method allows regulation with a single control variable throughout the whole grid 
frequency period and does not require the multimode operation, as in the previously 
presented modulation methods [25]. In the AC-side, two semiconductors are switched 
with the fundamental grid frequency, while in all the other operate at the switching 
frequency with ZCS. The proposed method is described in detail in [IV]. 

Subsection 3.2 describes the modulation method for the rectifier mode, which is also 
based on the modulation applied to the AC-side of topology and described in detail 
in [IV]. Unlike other methods that require the additional active snubber [35] circuit or the 
double switching frequency [48], the proposed method can utilize only a passive snubber 
capacitor across the DC-side semiconductors and provide ZVS at the DC-side throughout 
the whole grid frequency period.  

Subsection 3.3 describes the operation of the converter in the case of non-unity PF 
and allows for operation with capacitive or inductive loads.  

For the verification of the proposed methods, the simulation model in the PSIM 
software was created. The model is based on idealized components, but includes the  
on-state resistances of semiconductors, their parasitic capacitances, and transformer 
leakage inductance, to reflect the parasitic oscillations in the topology. Detailed 
specifications of the converter are presented in Table 1. 

For the experimental verification of the proposed methods, a converter prototype 
with a rated power of 1.2 kW was built (Figure 3.1, Table 1). For simplicity of design and 
analysis, the prototype is based on the transformer with the turns ratio close to unity. 
During the tests, the converter was powered by TDK-Lambda power supplies and the 
converter output was loaded by the resistive or resistive-inductive load. The experimental 
waveforms were acquired using the Tektronix MS04034B digital oscilloscope with the 
Rogowski coil current probe PEM CWTUM/015/R, current probe Tektronix TCP0030A, 
and the differential high-voltage probes Tektronix P5205A. 
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Table 1. Specifications of the case study converter 

Parameter Symbol Value, type 
DC-side voltage VDC 400 VDC 
AC-side voltage VAC 230 VAC 
Switching frequency fsw 50 kHz 
Transformers turns ratio n 1:1.1 
Rated power Prated 1.2 kW 
Snubber capacitor Cs 3.3 nF 
Leakage inductance Leq 5.1 μH 
Magnetizing inductance Lm 10 mH 
Parasitic capacitance of AC side
semiconductors Cp 60 pF 

Filter inductors Lf1 , Lf2 1 mH; 0.4 mH 
Filter capacitor Cf 0.47 μF 

SiC MOSFET T1 ..T4, 
S1..S4 

C3M0280090D 
VDS = 900 V, IDS = 11.5 A, 

RDS = 280 mΩ, COSS =20 pF 

Figure 3.1  Photo of the experimental prototype for verification of the proposed modulation 
methods. 

3.1 New Modulation Method for Inverter Operation Mode 
The main novelty of the proposed modulation method is that it ensures the ZVS in the 
DC-side semiconductors during the whole grid frequency period. Moreover, it allows to
reduce the turn-off energy losses in the DC-side semiconductors with the utilization of
the capacitive snubber across these semiconductors. The motivation for the development
of this method was to overcome the following drawbacks: the existing methods require
quite complex multimode control [25] or have the problem with ZVS near the zero-crossing
point [15]. The benefits of the proposed method are:

a) ZVS in the DC-side semiconductors during the whole grid frequency period, even
with the utilization of the snubber capacitor across the DC-side semiconductors
for their turn-off loss reduction;

b) two of the eight semiconductors in the AC-side are switched with the grid
fundamental frequency;

c) no requirement for the external active clamping circuits across the HFT.
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The design constraints are in the optimization of the circulation current when 
converter is operating with the light load, and the requirements of the special type of the 
capacitors across DC-side semiconductors, such as C0G/NP0, for example, with lower 
resistance and capacitance drift and more stable dielectrics. The detailed description of 
the proposed method is presented in [IV]. The next switching states (Figure 3.2a) can be: 

 
Figure 3.2  The generalized waveforms of the proposed inverter operation mode (a) and simulated 

ZVS transient of the semiconductor T1 with IAC at amplitude value (b) and close to zero (c) [IV]. 

t0 – t1: The T2, T3, S3.1, S4.2 are conducting and converter in freewheeling state.  
The current freewheeling in semiconductors S3.1, S4.2 and load.  

t1 – t2: The S2.2, is turn on and converter in active state, the current redistributed 
between S4.2 to S2.2.  

t2 – t3: The T2, T3, S2.2, S3.1 are conducting, while others are in the off-state. The 
converter in the active state, power is transferred from the DC-side to the  
AC-side through the semiconductors T2 and T3. 

t3 – t4: The T2, T3, are turned off, while S1.1 is turned on, the resonance between the 
Ceq (Ceq = Cs·n2) and Llk appears. The circulation current is added to the load 
current IAC and it reduces the time for the recharging Ceq and, at the same time, 
the value of the transformer voltage VTr1 changes polarity and is reducing. 

t4 – t5: The resonant process continues, while the resonant current starts to decrease. 
The snubber capacitors of the T1, T4 and their body diode forward biased and 
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taking IAC, which start decreasing and transferred from the S3.1 to S1.1. Starting 
from this point T1, T4 can be turned on with ZVS. 

t5 – t6: The converter enters the freewheeling state when current of the body diodes 
of T1, T4 reduces to zero. 

The converter operation continues with the analogous sequence during the other half 
of the period. 

To demonstrate the ZVS capabilities, in the PSIM simulation the snubber capacitor 
Cs=3.3 nF was used for the DC-side semiconductors. In Figure 3.2b, the simulation of 
the switching transient on the example of the DC-side transistor T1 is shown. As 
demonstrated, the proposed method allows to fully discharge of the semiconductor 
output capacitance together with paralleled snubber capacitor during a relatively short 
time and provide the ZVS. The method is independent of the amount of the current 
present in the circuit and achieves ZVS even near the zero-crossing point of the output 
current (Figure 3.2c). Figure 3.3 presents the experimental waveforms, which confirm 
the simulation results; the voltage at the output has low distortion, and the zero-crossing 
point is free of distortions. 

(a) (b) 

(c) 

Figure 3.3  Experimental verification of ZVS transient of the semiconductor T1 at IAC at amplitude 
value (a) and close to zero (b); the experimental waveforms for two fundamental grid period(c) 

[IV]. 

3.2 New Modulation Method for Rectifier Operation Mode 
The novelty of the new modulation method for the rectifier mode is that this method 
provides ZVS and reduces the turn-off energy losses, similarly to the inverter mode 
presented in the previous section. The motivation for the development of this method 
lies in the general lack of research in area of modulation methods for the rectifier mode 
and significant disadvantages of the few existing ones: dependency on the active 
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snubbers or operation with double switching frequency [35],[49],[48]. The benefits and 
challenges of the method are similar to the ones of the inverter modulation method.  
A detailed description of the proposed method for the rectifier operation mode is 
presented in [V]. The next switching states (Figure 3.4a) can be: 

 
Figure 3.4  The generalized waveforms of the proposed rectifier operation mode (a) and simulated 

ZVS transient of S1.1 (b) and T1 (c) at the amplitude of IAC [V]. 

t0 – t1: The S1.1, S1.2, and S4.1 are conducting, while others are in the off-state. In the 
converter in the active state, power is transferred from the AC-side to the  
DC-side through the semiconductors T1 and T4, which turn on with ZVS. 

t1 – t2: The transition interval starts with the turn-on of the S2.1. The voltage polarity 
of Lf1 is reversed, and the current ITr2 is decreasing during the time while the 
VTr2 is zero. 

t2 – t3: The current in the S2.1 and S2.2 reaches the inductor Lf1 current level, the 
transition interval is finished, when the, and VTr2 increases to the amplitude 
value. 

t3 – t4: The S3.1 turns on, the second transition interval starts. The current in the S3.1, 
S3.2, T1, T4 starts to rise, while in the S1.1, S1.2 decreases. 

t4 – t5: The current ITr2 is rising more than Lf1 current, the semiconductor S1.1 is turned 
off with the ZCS along with T1 and T4. The resonant interval starts, and the 
snubber capacitor Cs recharges, while the VTr1 is changing polarity. 
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t5 – t6: The snubber capacitors are recharged, the VTr2 reaches a peak value, and at the 
moment t6, the converter starts to operate in the active state with other 
diagonal in the DC-side. 

The converter operation continues with the analogous procedure in the other half of 
the period, where semiconductors S2.1 and S4.2 are in one state, and the modulation is 
applied to other semiconductors correspondingly.  

The PSIM simulation of the switching waveforms is shown in Figure 3.4b for the 
positive half-period. It presents the switching transient of the S1.1 turn-off with ZCS.  
The reverse recovery losses are also reduced since Llk limits the current di/dt. The other 
AC-side semiconductors also operate either with ZCS or in synchronous rectification 
mode. At the DC-side, the semiconductors transfer active power through the antiparallel 
diode or operate with synchronous rectification with the ZVS turn on transient. After the 
end of the boost interval, the current is reversed for a short time to provide ZCS for 
another semiconductor diagonal (Figure 3.4b). The experimental waveforms of the 
switching transients of the S1.1 and T1, voltages and current across the transformer and 
the input-output waveforms are presented in Figure 3.5. 

  
 (a) (b) 

  
 (c) (d) 

Figure 3.5  Experimental verification of transient of S1.1 (a) and T1 (b), experimental waveform at 
grid period (c) and current ITr1 and voltages VTr1, VTr2 across the transformer (d) [V]. 

3.3 Operation with Non-unity PF 
The modulation methods presented in subsections 3.1 and 3.2 allow the IMC to achieve 
ZVS together with soft turn-off at the DC-side without active snubber circuits, by using 
lossless snubber capacitors. The methods were verified with simulations and 
experimentally for unity PF. This section will describe how the IMC can operate with  
non-unity PF by taking advantage of the combination of previously presented methods. 
In this mode, an IMC is connected between the source on the DC-side and the utility grid 
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on the AC-side. This functionality is essential for the converter in order to enhance its 
functionality and be capable of providing ancillary services, such as power factor 
correction [35]. Previously, only few studies have reported IMC concepts capable of such 
functionality, where it was achieved by the use of an active snubber circuits [16],[35] and 
the multimode control operation [37]. The novelty of the proposed unified approach is 
the possibility of the power factor correction without the need for the additional active 
snubber circuit in the IMC. The challenge is attributed to the requirement of quite a fast 
and precise control system to achieve a better current transient in the zero-crossing 
point where the current changes its polarity.  

The converter operation is represented by four modes, depending on the utility grid's 
current and voltage (Figure 3.6a) [37]. In mode 1, the voltage and current VAC > 0, IAC > 0, 
and the energy is flowing from the DC source to the grid and the IMC operates as an 
inverter during the positive half period. Mode 2 denotes an operation, where the voltage 
and current are negative VAC < 0, IAC < 0 and the IMC operates as an inverter during the 
negative half period. Both of the converter operations are similar to the inverter mode 
in the case of the unity PF. In mode 3, the current and voltage have the opposite signs, 
and the converter operates in the rectifier mode (VAC > 0, IAC < 0); in this case,  
the operation is identical to the negative half period of the rectifier. In mode 4, the voltage 
and current also have the opposite signs (VAC < 0, IAC > 0), and another rectifier mode is 
applied. Therefore, the converter can operate with any PF value, assuming that an 
appropriate sequence of the operating modes is selected. An example of an operation 
with an inductive load is illustrated in Figure 3.6b. 
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Figure 3.6  Operation modes (a) and the generalized line frequency cycle waveforms (b) in the 
case of operation with non-unity PF. 
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Figure 3.7  The generalized structure of the control system (a) and state selector (b) used for the 
simulation. 
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To verify the possibilities of regulation and reactive power injection, a simulation 
model was created in PSIM. In the unified modulation, the semiconductors S2.1, S2.2, and 
S4.1, S4.2, are phase-shifted depending on the instantaneous value of the reference 
current. For the take of simplicity, no synchronous rectification was applied. The reference 
current is provided externally, and the mode selector defines the appropriate 
modulation mode, depending on the value of the reference current and the grid voltage. 
A PI regulator provides the regulation — the generalized principle of the control model 
is presented in Figure 3.7. The simulation results for the capacitive (a) and inductive (b) 
loads are given in Figure 3.8.  

 
(a) (b) 

Figure 3.8  The simulation of the operation for capacitive (a) and inductive (b) load. 

3.4 Generalizations 
This section addressed the two novel modulation methods for the IMC, allowing the 
converter operation in the inverter and rectifier operating modes. The main findings are 
the following: 

1. The proposed modulation methods allow ZVS during the whole grid period 
and allows to utilize the lossless snubber capacitors across the DC-side 
semiconductors. Moreover, in each mode two of the eight semiconductors 
at the AC-side operate at grid frequency. 

2. Using the unified modulation, the IMC can operate in four quadrants 
without active snubbers or semiconductors operating with increased 
switching frequency.  
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4 Implementation of RB-IGBTs in IMCs 
This section focuses on the characterization of the evaluation samples of RB-IGBTs and 
study of their application feasibility in IMCs. Subsection 4.1 describes the methodology 
proposed for the characterization of the semiconductors under soft-switching conditions 
with the utilization of the modified double pulse test method. Subsection 4.2 describes 
the RB-IGBT evaluation using models created in PSIM Thermal Module and theoretical 
comparison with the regular IGBTs in the IMC [VI]. Subsection 4.2 presents the 
verification of regular IGBTs and the RB-IGBTs using an experimental IMC. 

4.1 Novel Characterization Methodology for RB-IGBTs 
Typically, in the switching converters, the main aim is to achieve the optimal trade-off 
between the conduction and switching losses under certain operating frequencies. In the 
converters with soft-switching, the main contributors to power losses are the conduction 
losses. For the RB-IGBTs, the effect of the reverse recovery losses must be considered 
due to their high impact on the total losses even under soft-switching with the 
reduced di/dt [50]. 

To evaluate the losses in the semiconductors, a double pulse test methodology is 
commonly used [51],[52]. The main goal is to capture the waveforms during the turn-on 
and turn-off transients under different operating conditions of the evaluated 
semiconductor and based in this data calculate the corresponding values of the energy 
losses as  in [45],[53]. Figure 4.1a presents the circuit proposed for the characterization 
of the IGBT and RB-IGBTs in the IMC. Compared to the common double pulse circuit, in 
this case, the additional inductor and clamping circuit were added to emulate the soft 
switching transients in the IMC. Figure 4.1b shows the test samples selected for the 
characterization. The experimental prototype is shown in Figure 4.2. The RB2 
semiconductor allows obtaining information about turn-on transient, while the RB1 
provides the information during the reverse recovery process. The interval t1 is adjusted 
to charge the required current in the inductor, intervals t2 and t3 were set long enough 
to finish the transient process of the switching. The proposed circuit allows external 
current limiting through the semiconductors. Although, the switching process of the 
proposed circuit is not fully identical to the switching in the AC-side of IMC, it can emulate 
the switching transients in semiconductors. The parameters of the test setup are shown 
in Table 2. The clamp circuit allows providing the required value of di/dt for the tested 
device. In this case, with the inductance LCL and the time changing, we can provide the 
different values of the current, and tested semiconductors will have the switching 
transient close to the real condition in the case of the current source IMC topology.  

    
(a) (b) 

Figure 4.1  The double pulse test circuit (a) and test samples (b) selected for characterization [45]. 
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Figure 4.2  The developed double pulse test setup. 

  
Figure 4.3  The proposed double pulse test methodology. 

Table 2. Specifications of the test setup for characterization of RB-IGBTs  

Parameter Symbol Value, type 
Input voltage VIN 600 V 
Test current IRB2 5…40 A 
Main inductor LM 744 µH 
Clamp inductor LCL 5…100 µH 
Clamp capacitor CCL 470 nF 
Clamp resistor RCL 5 Ω 
Clamp diode DCL C4D10120 
Gate resistance RG 33-180 Ω 
RB-IGBT RB1, RB2 600 V / 85 A 
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During the time interval t1, the inductor is charged up to the desired current value 
(Figure 4.3) and within the time interval t2, turn-on, turn-off, and reverse recovery 
switching transients are captured. The turn-on energy EON of the semiconductor RB2 can 
be calculated as: 

5

2 2
4

,
t

RR RB RB
t

E I V dt= ⋅ ⋅∫     (1) 

where IRB2 is the collector current and VRB2 is the collector-emitter voltage of the 
second RB-IGBT, respectively; t4 is the time instance when the IRB2 rises 10 % of the 
constant required steady-state value, and t5 is the time instance when the VRB2 decreases 
to 10 % of the nominal input voltage VIN value for the test. The value of the reverse 
recovery losses is measured in the semiconductor RB1 with the analogy to turn-off losses, 
where t5 is the time instance when the VRB1 rises to 10 % of nominal VIN value and t6 is 
the time instance when the IRB1 decreases to 10 % of the constant required steady-state 
value: 
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The turn-off energy EOFF of RB2 can be found as: 
8

7

2 2 ,
t

OFF RB RB
t

E I V dt= ⋅ ⋅∫     (3) 

where t7 is the time instance when the VRB2 rises 10 % of the nominal VIN value, and t8 is 
the time instance when the IRB2 decreases to 10 % of the constant required steady-state 
value.  

The total switching energy dissipated in a semiconductor is defined as: 

TOTAL ON RR OFFE E E E= + +    (4) 
Energy losses were measured for different samples and under various current IRB2 

and the di/dt values, defined by the inductance to determine the switching loss 
dependencies. The performance of RB-IGBTs was characterized in terms of turn-on 
energy (EON), turn-off energy (EOFF), and reverse recovery energy (ERR). Figure 4.4a 
compares the power dissipation during the turn-on transition for the sample under 
different di/dt values. It is notable that for the hard-switching transition (450 A/μs),  
the amount of energy losses exceeds 5 mJ and that the implementation of soft-switching 
reduces these losses by an order of magnitude, even using relatively small clamp 
inductance. At the same time, further reduction of di/dt has a minor effect. Figure 4.4b 
shows energy losses during the turn-off transient. It is not affected by the clamp circuit, 
and remains significant due to the long tail current, which amount depends on the 
manufacturing technology [54]. 
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(a) (b) 

Figure 4.4 Turn-on (a) and turn-off (b) losses under different switching conditions. 

Figure 4.5a shows the reverse recovery current under different conditions. As for the 
typical diode, the higher value of the di/dt results in higher peak reverse recovery 
current, while the recovery time is shorter. The initial value of the collector current also 
affects reverse recovery current and dissipated energy. Figure 4.5b shows the reverse 
recovery losses under different switching conditions. With the low initial collector 
current, the reverse recovery losses are similar, while for the higher currents, the lower 
di/dt allows decreasing the reverse recovery losses. 

   
(a) (b) 

Figure 4.5  The turn-off collector current shape of the different current values (a) and reverse 
recovery losses (b) under different switching conditions. 

4.2 Thermal Models of RB-IGBTs 
For the verification of the RB-IGBT performance in the IMC, the thermal model of the 
semiconductors was created in the PSIM Thermal Module software package. The model 
was based on the data obtained from the evaluation samples of the RB-IGBTs with the 
modified double pulse methodology described in the previous section. The main aim is 
used this data to estimate switching and conduction losses as well as overall power losses 
in the IMC. Also, the simulation model includes the parasitic capacitance and leakage 
inductance of the transformer, which can influence the switching transient. The estimation 
was done in the inverter mode, with the modulation method described in subsection 3.1. 
The comparative analysis was done with regular low loss IGBTs, having similar voltage 
and current ratings. The summary of the case study system and the components for the 
converter is presented in Table 3.  
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Table 3. Specifications of the case study converter with RB-IGBTs  

Parameter Symbol Value, type 
DC-side voltage VDC 350 VDC 
AC-side voltage VAC 230 VAC 
Switching frequency fsw 20 kHz 
Transformer turns ratio n 1:1.1 
Rated power  Prated 4 kW 
Snubber capacitor Cs 0.5…1 nF 
Leakage inductance Leq 7 μH 
Magnetizing inductance Lm 40 mH 
Filter inductor Lf1 , Lf2 2.8 mH, 1mH 
Filter capacitor Cf 50 nF 

DC-side IGBT  T1..T4 IRG7PH30K10DPbF 
VCE = 1200 V, ICE = 30 A, COSS =63 pF 

AC-side IGBT  S1..S4 FGH75T65SHDT-F155 
VCE = 650 V, ICE = 75 A, COSS =43 pF 

AC-side RB-IGBT S1..S4 FGW85N60RB 
VDS = 600 V, IDS = 85 A, COSS =74 pF 

Figure 4.6 presents the simulation result of the losses under different switching 
frequencies. As shown, the RB-IGBTs will have lower losses in IMC with the switching 
frequency lower than 25 kHz, while the usage of the IGBTs will provide benefits with the 
higher frequency. The simulation was done with the same output filter, which can also 
be optimized for the chosen frequency and operating power. Figure 4.7 presents the 
total power losses in the converter for RB-IGBTs and regular IGBTs under the constant 
frequency of 20 kHz and power of 3.3 kW. As observed from the graph, in the case of  
RB-IGBTs at the AC-side, the predominant part of the losses are the switching losses,  
that also include the diode reverse recovery in the regular IGBTs. At the same time,  
the amount of the conduction losses is lower compared to the regular IGBTs. In this case, 
the value of the total losses is higher, which is also confirmed experimentally and 
presented in the next subsection.  

 
Figure 4.6  The losses of the IMC under constant power (3.3 kW) and at different switching 

frequencies the RB-IGBT and regular IGBT based prototypes. 
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Figure 4.7  The losses of the IMC under constant power (3.3 kW) for the RB-IGBT and regular IGBT 
prototypes. 

4.3 Experimental Verification of the 600 V RB-IGBTs 
For the practical verification of the simulation models, the experimental converter with 
RB-IGBTс and regular IGBTs and rated power of 4k W was designed and built (Figure 4.8, 
Table 3). During the experiments, the converter was supplied by TDK-Lambda power 
supply and operating with the resistive load. The measurements of the experimental 
waveforms were done using the Tektronix MS04034B digital oscilloscope with the 
Rogowski coil current probe PEM CWTUM/015/R, current probe Tektronix TCP0030A, 
and the differential high-voltage probes Tektronix P5205A. 

Figure 4.8  Experimental prototype of the IMC with RB-IGBTs. 

Figure 4.9 presents the experimental waveforms of the IMC with RB-IGBTs. The results 
are similar to the simulation result in section 3.1. Figure 4.9a presents the waveforms 
across the transformer at the amplitude value of the output current, while Figure 4.9b 
shows those close to the current zero-crossing point and Figure 4.9c presents the output 
AC waveforms. As observed, the output voltage and current waveforms are distortion-free, 
proving that the IMC with RB-IGBTs is fully functional. 
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Figure 4.10 presents the experimentally measured efficiency of the IMC with the RB-
IGBTs and regular IGBTs in the AC-side. All other parts of the converter remained the 
same. As predicted, the implementation of RB-IGBTs results in lower losses at higher 
power due to the lower conduction losses. As it seen from Figure 4.10, the efficiency 
trends are growing up to 3500 W, and after that start decreasing. The peak efficiency of 
the converter is 94 %. At the same time, the efficiency under other frequencies followed 
the simulation result presented before. 

  
 (a) (b) 

 
(c) 

Figure 4.9  The experimental verification of ZVS transient of the semiconductor T1 at IAC at 
amplitude value (a), close to zero (b) and output AC waveforms (c). 

  
Figure 4.10  Measured efficiency of the IMC with RB-IGBTs and regular IGBTs in the AC-side. 
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4.4 Generalizations 
In this section, the application feasibility of RB-IGBTs to reduce the amount of conduction 
losses in IMC was evaluated. The main outcomes are listed below. 

1.  The modified double pulse test methodology was proposed. It allows creating 
the semiconductor switching transients close to the ones that appear at the  
AC-side of IMC and extract information about the energy dissipated during the 
turn-on, turn-off, and reverse recovery. Because the method utilizes the 
impulse current, it is suitable for the test of the non-packaged semiconductor 
samples. 

2. Based on the received data from evaluated samples, the thermal model of the 
RB-IGBTs was developed in the PSIM software, and the power losses in the IMC 
were estimated.  

3. The 4 kW IMC prototype with RB-IGBT in the AC-side was built and successfully 
tested, demonstrating the required functionality. The efficiency was compared 
with the same IMC having regular IGBTs in the AC-side. The RB-IGBTs, as 
predicted, showed lower conduction losses, which resulted in better overall IMC 
efficiency at higher power levels, when compared to the regular IGBTs. 
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5 Design and Benchmarking of High Step-Up HFT for IMCs 
The presence of a transformer potentially provides a wide range of DC and AC voltages 
to be matched by the IMC. As mentioned in subsection 2.3, the transformer design is 
among the issues that must be carefully considered during the design of IMC. The values 
of the DC- and AC-side voltages provide the required value of the transformer turns ratio 
and the design with good trade-off between the leakage inductance and the interwinding 
capacitance allows better switching transient in semiconductors [II]. It reduces current 
spikes and peak voltage overshoot in the AC-side, which results in converter efficiency 
improvement. 

For simplicity of design, in the previous sections, the ideas were verified with the 
transformer turns ratio close to 1:1, which assumes interfacing of a rather high voltage 
(350-450 VDC) source, such as an HV battery, with the grid voltage of 230 VAC. However, 
if a lower voltage source (24-48 VDC) has to be matched with the same grid voltage level, 
the IMC based on a transformer with a turns ratio of 1:10 or higher is necessary. This 
makes the mentioned problem of parasitic oscillations much more pronounced since 
with the high turn’s ratio, increased transformer leakage inductance is much harder to 
avoid. 

One of the challenges in the current-source IMC is related to the voltage overshoots 
and oscillations at the AC side. A possible way to reduce the amount of this oscillating 
energy is to minimize the transformer leakage inductance, while keeping the 
interwinding capacitance low. The modulation methods proposed previously do not 
require the magnetizing current to provide soft-switching. Therefore, a transformer can 
be designed with the large value of the magnetizing inductance, which will reduce the 
circulation current in the topology. Various designs based on different cores could be 
applied to achieve different sizes/dimensions of the magnetic components. In the 
current section, several transformer designs with turns ratio of 1:10 are compared for 
high step-up IMC, which should interface a 48 V DC source with the 230 VAC grid.  

5.1 Study of Implementation Possibilities of High Step-up HFTs 
In the frame of this study a toroidal transformer was chosen as the reference design for 
IMC. This type is quite popular nowadays due to its high efficiency, compact shape,  
high working frequencies, and low stray magnetic field [55]. In these applications the  
Litz-wire is usually utilized to reduce the resistance at high frequency and minimize the 
skin effect [56]. However, the proximity effect must also be considered due to high di/dt. 
The parameters of the reference transformer are shown in Table 4. The transformer uses 
three Litz-wires with 60 parallel bundles, each having 22 strands in the primary (DC-side) 
winding connected in parallel, which allows transfer of the high current. The secondary 
winding (AC-side) consists of 31 turns. The primary Litz-wire winding covers almost the 
whole toroidal core, while the secondary winding creates the second row with copper 
wire (Figure 5.5). The manufacturing cost of this transformer type for high current 
applications could be high due to the specific realization of the primary winding. 

Some approaches that allow for reduction of the cost and size of magnetic 
components are presented in [55],[57]. The planar structure provides effective solutions 
for various power systems, aiming to minimize the volume of the magnetic elements and 
increase the converters power density. The other benefit of the planar transformer is 
that the windings have a flat structure and can be made using the printed circuit board 
layers or copper foils, potentially reducing the production cost. This approach is also 
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more suitable for the high-frequency operation because the planar transformer has a 
lower sensitivity to the proximity effect. The main benefits of the planar structure over 
the conventional structures are high power density with a low profile, good thermal 
characteristics, good modularity, and repeatability. The drawback is low copper 
utilization with a limited number of turns, large footprint and high interwinding 
capacitance [58], [59].  

Table 4. Specifications of the reference toroidal transformer 

Parameter Value 
Core type ferrite 
Number of turns in the primary side 3 
Number of turns in the secondary side 31 
Primary Litz-wire 60×(0.09mm×22) 
Secondary copper wire 1mm 
Transformer leakage inductance Llk 28 µH 
Transformer magnetizing inductance Lm 10 mH 
Transformer turns ratio, N 10 

Various interleaving approaches were analyzed and compared by simulations and 
experiments. Table 5 presents the parameters of the case study converter and 
experimental setup used for the transformer verification. Figure 5.1 shows the 
simulation model and the designed planar transformer, which was described and verified 
experimentally. The main efforts were focused on getting the best trade-off between the 
leakage inductance and parasitic capacitance and different designs are  described in [VII]. 
Figure 5.1b shows three interleaving types— first, one primary and one secondary 
winding, second, double and third, triple interleaving, respectively. Figure 5.2 presents 
the simulation results of the estimated leakage inductance and interwinding capacitance 
with the different distance between the layers. The planar design allows minimizing the 
leakage inductance value when compared to the transformer on toroidal one. Table 6 
summarizes the measured parameters. For the measurements, the RLC meter Agilent 
U1733C was used and the parameters referred to the secondary winding. The magnetizing 
and equivalent leakage inductance were measured with the primary winding open and 
short-circuited, respectively. The interwinding capacitance was measured between the 
short-circuited primary and secondary winding. 

To minimize the interwinding capacitance, the hybrid type planar transformer was 
designed and tested, which showed the most promising results. This design utilizes the 
ten Litz-wire turns of the secondary winding with the flat placement in the middle of the 
primary copper foil, represented by ten parallel winding layers.  A detailed explanation 
of the planar design is presented in [VII]. 
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(a) (b) 

Figure 5.1  Simulation model of the designed planar transformer (a) and its different winding 
arrangements (b) [VII]. 

(a) (b) 

Figure 5.2  The simulation of leakage inductance (a) and interwinding capacitance (b) of the 
designed planar transformers [VII]. 

Finally, the transformer based on the ETD core was designed, verified, and tested. 
For this design, the ETD59 core made of ferrite N97 material was chosen. The core has a 
large copper area due to higher transformer dimensions. The two Litz-wires were chosen 
for the winding, on the primary winding, 6 turns Litz-wire 3000x0.04 mm stand was used, 
while the secondary winding was represented by 60 turns with Litz-wire 130x0.1 mm. 
The current design allows providing the transformer magnetizing current below the 
ten percent of the maximum working current, similar to that presented in [IV]. 
Simultaneously, the interleaving structure when the primary transformer winding is 
located between the two rows of the secondary (Figure 5.3) allows minimizing the 
interwinding capacitance and leakage inductance. This design was assembled, and the 
measured parameters are given in Table 6. As shown, the value of the leakage inductance 
is close to the planar transformer values, while the interwinding capacitance is two times 
smaller than in the hybrid type planar transformer. Figure 5.5 shows the photo of the 
designed transformers. 
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Figure 5.3  Generalized design of the high step-up HFT based on ETD59 core. 

5.2 Benchmarking of High Step-up HFTs 
To compare various transformer designs, a prototype (Figure 5.4) of an IMC based on the 
parameters specified in Table 5 was assembled. The IMC is capable of integrating the 
42-54 VDC LV DC source to the utility grid. In the DC-side, the MOSFETs are used, while
the AC-side utilizes the anti-series connection of the SiC MOSFET. The designed
transformers (Figure 5.5) were evaluated in the inverter operation of the IMC. Figure 5.6
presented the experimental waveforms of the current and voltage across the primary
and secondary windings of the transformer.

Figure 5.4  Photo of the experimental IMC with high step-up HFT. 
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Table 5. Specifications of the case study IMC with a high step-up transformer 

Parameter Symbol Value, type 
DC-side voltage VDC 42..54 VDC 
AC-side voltage VAC 230 VAC 
Switching frequency fsw 50 kHz 
Transformer turns ratio n 1:10 
Rated power Prated 1 kW 
Snubber capacitor Cs 100 nF 
Leakage inductance Leq 13..28 μH 
Magnetizing inductance Lm 3..15 mH 
Filter inductors Lf1 , Lf2 1 mH; 0.4 mH 
Filter capacitor Cf 0.47 uF 

DC-side MOSFET T1..T4 IPB017N08N5  
VDS = 80 V, IDS = 177 A, RDS = 1.7 mΩ 

AC-side SiC MOSFET S1..S4 
C3M0280090D 

VDS = 900 V, IDS = 11.5 A, 
RDS = 280 mΩ, COSS =20 pF 

  
 (a) (b) (c) 

Figure 5.5  The experimental HFTs with toroidal (a), planar (b) and ETD core (c). 

Figure 5.7 presents the general transformer current and voltage waveforms. Table 6 
presents the results of the IMC efficiency measurements with different transformers. 
Despite the values of the peak voltage with the ETD core transformer are higher than the 
toroidal one, the better trade-off between the core loss, interwinding capacitance and 
leakage inductance resulted in higher power conversion efficiency.  
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 (a) (b) 

  
 (c) (d) 

Figure 5.6  Voltages and currents across toroidal (a), planar design 3 (b), planar with hybrid 
structure (c) and ETD core (d) transformer 

  
 (a) (b) 

  
 (c) (d) 

Figure 5.7  Zoomed view of the voltage and current on transformer AC-side of a converter with the 
toroidal (a), planar design 3 (b), planar with hybrid structure (c), and ETD core (d) transformer 
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Table 6. Experimentally measured data of different transformers and converter efficiency with 
input voltage VDC = 48V and power P = 1 kW  

Parameter 
Magnetizing 
inductance, 

Lm, mH 

Leakage 
inductance, 

Llk, uH 

Interwinding 
capacitance, 

C0, nF 

Experimentally 
measured 
efficiency 

Toroidal core 10 28 0.5 93.4 

Planar 
E34 
core 

Non-
interleaving 3.3 19.1 0.19 92 

Design 1 3.3 13.6 2.0 92.8 
Design 2 3.3 13.8 2.69 92.5 
Design 3 3.3 14.5 1.5 92.2 
Hybrid design 3.3 15 0.3 93.3 

ETD59 core 13.4 13.1 0.15 94.4 

Figure 5.8 presents the experimental waveforms of the IMC with the high step-up 
transformer based on the ETD59 core. As shown, the converter operation fully follows 
the description in section 3.1. The converter can provide ZVS during the amplitude and 
zero values of the output current and simultaneously provides no distortion near zero 
crossings in the AC output waveforms. Figure 5.9 presents the experimentally measured 
efficiency of the converter under different DC voltages. The voltage levels were chosen 
based on the generic voltage levels of the 48 V battery. As shown, the peak efficiency of 
the converter is 95 %.  

  
 (a) (b) 

  
 (с) (d) 

Figure 5.8  The experimental verification of the operation of the converter at IAC at peak(a) and 
close to zero(b), the experimental waveform at grid period(c), and zoomed waveforms of the 
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Figure 5.9  The experimentally measured efficiency with the different input voltage levels, with the 

transformer on the ETD59 core 

5.3 Generalizations 
In this section, different transformer designs were compared. The transformers based on 
three different cores (toroidal core, planar E-core, and ETD59 core) were studied, 
designed, and evaluated in the experimental converter. The main conclusions are listed 
below. 

1. The toroidal transformer allows provision of good characteristics, but at the 
same time, the design of the primary winding for high current is quite 
complicated and requires special arrangement, which could be complicated for 
mass manufacturing. 

2. The planar transformer utilizing Litz-wire at the AC side can achieve comparable 
performance to the toroidal one and potentially reduce production costs. It also 
features smaller height and could suit for the IMC that has the size/height 
limitation. 

3. Among the compared designs, the transformer with the ETD59 core provided 
better converter efficiency and was relatively easy in the assembly, but at the 
same time, it has slightly larger size when compared to the toroidal and planar 
transformers. 
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6 Conclusions and Future Work  
The widespread use of renewable energy sources together with battery energy storages 
leads to a pervasive use of various power electronic converters to provide interface with 
the power grid. In the case voltage step-up or galvanic isolation requirement, a two-stage 
power conversion is typically used in the industry. In this case the source voltage (DC) is 
matched with the AC level by an isolated DC-DC converter, followed by a sine-wave  
DC-AC inverter. The main aim of the study performed in the frame of this thesis is to 
increase industrial awareness regarding an alternative approach, where the galvanic 
isolation and DC-AC conversion are provided using a single-stage IMC. The focus was on 
the FB IMC based on current source inverter topology.  

The initial goal was to collect and organize existing knowledge in the field of IMC to 
analyze their advantages, drawbacks, and limitations in different applications. The IMCs 
avoid the use of high-voltage electrolytic capacitors and could achieve ZVS/ZCS 
conditions in semiconductors using sophisticated modulation techniques, taking advantage 
of the parasitic parameters of the components. This allows IMCs to demonstrate 
efficiencies typical to those of the two-stage solutions. On the other hand, these 
converters typically have relatively narrow DC voltage regulation range and require 
reverse-blocking semiconductors, specific transformer design and necessity of complex 
methods for optimal operation (particularly with non-unity PF). These aspects together 
limit the applicability of IMCs in practical applications.  

In the frame of the Ph.D. study the problems of IMCs were addressed from multiple 
directions. Three different experimental prototypes were designed, built, and evaluated 
by the author. 

• The systematization and classification of existing IMC solutions was done to 
analyze the main shortcomings, challenges, and potential opportunities of this 
types of topologies.  

• Two new synthesized modulation methods for both energy transfer directions 
were proposed and experimentally demonstrated using 1.2 kW 400 VDC to 
230 VAC IMC. They provide ZVS/ZCS during the whole grid frequency period and 
allow using the lossless capacitive snubber in the DC-side. Furthermore, the 
combination of the methods with the high-level control allows providing the 
ability for the power factor regulation without the requirement of any 
additional active snubber circuits. 

• The 4 kW 350 VDC/230 VAC IMC with the reverse blocking IGBT semiconductors 
was built and evaluated. It was experimentally demonstrated that reverse 
blocking semiconductors at the AC side provide up to 1% higher IMC efficiency 
at higher power levels, as compared to the regular IGBT devices.  

• The application feasibility of IMC was evaluated for high step-up applications. 
One the main challenges in this case lie in achievement of optimal design of 
isolation transformer, which needs to have high turns ratio, while keeping both 
leakage inductance and interwinding capacitance as low as possible. Obviously, 
both core and winding losses should also be low in order not to comprise IMC 
efficiency. Several transformer designs were compared using 1.2 kW 48 VDC to 
230 VAC IMC, which demonstrated maximum efficiency of 95%. 

The results obtained confirmed the hypotheses proposed by the author. The IMCs are 
perspective and versatile, but still an emerging technology that needed further 
improvements in order to reach industrial maturity. Some of these challenges were 
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highlighted and addressed in the frame of this work. As a result, the existing knowledge 
in the area was further developed, potentially bringing IMCs few steps closer to wider 
industrial adoption. At the same time, there are several potential directions for further 
research that can be highlighted. 

• Optimization of IMC operation during light load conditions in order to increase 
part-load efficiency and improve total harmonic distortion. 

• Extension of the proposed modulation strategies to three-phase topologies with 
higher power ratings. 

• Development of techniques to improve DC voltage regulation range, without 
adding significant circuit complexity 

• Validation of benefits of the IMCs for other applications, such as electric aircraft, 
electric transportation or as interfaces between DC and AC grids. 

• Investigation of IMC fault ride-through capabilities and development of control 
methods with enhanced functionality, allowing advanced grid support. 
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Abstract 
Isolated Matrix Converters 
The PhD thesis is dedicated to the research and design of the FB IMCs. The main focus 
was on the study of the modulation techniques of the converter, which allow extending 
the soft-switching range. Also, the research included the implementation of the RB-IGBTs 
in the AC-side and the design and implementation of the high step-up transformer for 
the IMCs.  

The author divided the existing IMCs into two types based on the types of the input 
current of the grid filter. In the current source topologies, the output current of the  
AC-AC stage is continuous, while in the voltage source ones, the current is not 
continuous. Next, the presence of the resonant tank utilized for soft-switching were shown, 
the classification was followed by the topological configuration (bridge, full-bridge,  
push-pull). Depending on the types and configuration, the different modulation strategies 
could be applied in the converter shown in the classification.  

For the current source FB-FB IMC, two new modulation strategies were proposed for 
DC-AC and AC-DC energy transfer directions, which were verified in the simulation and 
with the experimental prototype designed by the author. Both of the strategies were 
based on the phase shift modulation for the AC-side in the topology while the DC-side is 
working with the constant duty cycle. The proposed algorithms utilized the special 
resonance process, which with an additional snubber capacitor across the DC-side 
semiconductors reduces the turn-off losses in these devices. At the same time,  
the regulation for the proposed methods is based on one control variable. The challenge 
of the methods is attributed to the optimization of the resonant current in the light load 
condition. Based on the newly proposed methods, the control method for regulating the 
reactive power was described. The benefit of this method is that the FB IMC does not 
require additional external active circuit components, which are usually required in the 
case of other modulation strategies. 

The study addressed the benchmarking of the RB-IGBT semiconductors at the AC-side 
of topology. Firstly, the double pulse test methodology was proposed, which provided 
the information about semiconductor characteristics in conditions close to the ones that 
occur in the IMC. Based on the received data, the losses based on thermal modelling with 
PSIM were estimated. The experimental prototype confirms the expected results.  
The results show that the RB-IGBT can be more suitable for the high-power application 
against the regular IGBT semiconductors. 

Another part of the work includes the design and evaluation of the transformer with 
a high step-up turns ratio. This allows the integration of the low voltage DC source to the 
utility grid and extends the possible applications of the converter. Different transformer 
approaches were simulated, designed, and verified in the experimental setup for the 
current approach.  
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Lühikokkuvõte 
Isoleeritud maatriksmuundurid 
Käesolevas doktoritöös keskendutakse voolutoiteliste täissild-skeemilahendusega 
isoleeritud maatriksmuundurite uurimisele. Uurimistöö fookus on 
modulatsioonimeetoditel, mis võimaldavad laiendada pehmelülituse ulatust. Lisaks 
uuritakse ka RB-IGBT transistoride kasutamist muundurite vahelduvpinge poolel ja suure 
pingetõstmisvõimekusega isolatsioonitrafode kasutamist maatriksmuundurites. 

Olemasolevad isoleeritud maatriksmuundurite tüübid võib jagada kahte gruppi, mida 
eristavad sisendvoolu tüüp ning võrgufiltri skeemilahendus. Voolutoitelistel muunduritel 
on sisendvool pidev ent pingetoiteliste muundurite sisendvool on katkev. Mõlemad 
muunduritüübid kasutavad jõupooljuhtlülitites kadude, häiringute ja ülepingepiikide 
vähendamiseks pehmelülitust. Järgnevalt ongi antud töö sissejuhatavas osas käsitletud 
resonantsahelaid pehmelülituse saavutamiseks. Pärast skeemilahenduste 
klassifikatsiooni analüüsiti võimalikke muundurite skeemilahendusi (poolsild, täissild, 
vastastakt jne.) ning nende realiseerimist raskendavaid tehnilisi probleeme 
(kõrgsageduslike trafode projekteerimine, summutusahelate disain jne.), kuna 
skeemilahendus ning seadme üleüldine konfiguratsioon määravad ära kasutatava 
juhtimisstrateegia ja modulatsioonitüübi.  

Töö esimene osa käsitleb uudseid modulatsioonistrateegiaid ülalmainitud muudurite 
juhtimiseks. Uuritava muunduritüübi jaoks loodi kaks uut modulatsioonistrateegiat. Üks 
kasutatav alalisvool-vahelduvvool ning teine vahelduvvool-alalisvool energiavoogude 
korral. Modulatsoonimeetodite toimimist hinnati nii arvutisimulatsioonide kui ka 
eksperimentaalse prototüübi abil. 

Mõlemad modulatsioonimeetodid põhinevad vahelduvvoolu muunduripool 
juhtimisel faasinihkega ning alalisvoolu muunduripoole konstantse täteteguriga 
juhtimisel. Antud modulatsioonistrateegiad kasutavad alalisvoolu muunduripoolel 
lisakondensaatori abil tekkivat resonantsi, mis võimaldab vähendada lülituskadusid ning 
kasutada kõigi transistoridega pehmelülitust. Samaaaegselt võimaldavad uudsed 
modulatsioonimeetodid ka kahe vahelduvvoolu muunduripoole transistori samaaegset 
juhtimist, vähendades sealgi energiakadu. Keeruliseks osutus antud resonantsi 
saavutamine väikese koormuse tingimustes. Välja pakutud modulatsioonimeetodite 
üheks eeliseks on lisaks väiksemale energiakaole ka reaktiivenergia reguleerimise 
võimalus ilma tavapäraste juurdelisatavate skeemielementideta. 

Töö teises osas uuriti modulatsioonimeetodite kõrval ka RB-IGBT jõupooljuhtlülitite 
kasutamist maatriksmuundurite vahelduvvoolu poolel. Esiteks pakuti välja uudne 
topeltpulsiga transistoride katsemetoodika, mis võimaldab kestata transistoride 
tunnusjooni salvestada. Teiseks loodi arvutisimulatsiooni ning termilised mudelid 
transistoride energiakao mõõtmiseks simulatsioonitarkvaraga PSIM. Tulemuste 
hindamiseks loodi laboratoorne prototüüp, millega sooritatud katsed kinnitasid RB-IGBT 
edukat kasutamisvõimalust suure võimsusega jõupooljuhtmuundureis sarnaselt 
tavapärase IGBT transistoriga. 

Doktoritöö kolmandas osas keskenduti suure pingetõstmisvõimekusega 
isolatsioonitrafo disainile ja katselisele kontrollile. Antud trafod on vajalikud 
madalapingeliste alalispingeallikate sidumiseks elektrivõrguga. Erinevaid trafode 
konstruktsioonilisi lahendusi hinnati nii analüütiliselt, arvutisimulatsioonidega kui ka 
prototüüpseadmete eksperimentidega. 
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Topologies, Modulation Methods and Applications. Energies 2020, 13, 2394. 





����������	
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FGHI	HIJ	KLFJM	GNOMJPQJR	QHPHGO	SLQQ	GNOMJPQJQ	TMPQHGOPSSU<	VW5	TJXLNQHMPHJQ	SLFJM	SLQQ	GNOMJPQJ	PH	IGYI	SLPTR	ILFJZJM	[MJ\]JNOU	GNOMJPQJ	QILFQ	IGYIJM	GXKPOH	LN	HIJ	SLQQJQ<	ĜNPSSUR	_̀ abc̀ d	HMPNQGQHLM	QILFQ	IGYI	KLFJM	SLQQJQ	[LM	SGYIH	SLPTR	e]H	TJXLNQHMPHJQ	IGYI	J[[GOGJNOU	PH	KLFJM	SJZJSQ	LZJM	5<5	fgh<	hTTGHGLNPSSUR	VW;	SLQQ	HMJNTSGNJ	QILFQR	HIPH	HIJ	HJOINLSLYU	OL]ST	eJ	PTZPNHPYJL]Q	[LM	IGYIJM	KLFJM	PKKSGOPHGLNQ<i�j�#%k%j l*#m0 -� n%
�o��	������ pqr 7::	E	C�s��o��	������ ptpu 6@:	E����?	v������ wx 2y2z	�1D��v8���	���{���v� |}~ zy@:	����������>��	�����	���� � ;�;<;�����	��?�v��v� ���� z	��	�?��?��2:z�����������	��?�v��v�	2 �|� 6�6	>�������	��?�v��v�	6 ��� 2	>���?	�������v� �x 2z���:	s8>��	����������	������bN	LMTJM	HL	JZPS]PHJ	HIJ	_̀ 	bc̀ d	HFL	 HJOINLSLYU	O]MZJQ¡	FJMJ	e]GSH<	¢]J	HL	[POH	HIPH	V£�	GN	HIJ	KPMHGO]SPM	PKKSGOPHGLN	GQ	XGNLM	PNT	V£��	OPN	eJ	LXGHHJT	T]J	HL	¤¥WR	HIJ	V��	PNT	¦v�	FJMJ	HPfJN	GNHL	OLNQGTJMPHGLN<	̂GY<	;;	PNT	ĜY<	;5	QILF	HIPH	HIJ	QPXKSJ	W;	GQ	XLMJ	Q]GHPeSJ	[LM	SLFa	[MJ\]JNOU	PKKSGOPHGLN	T]J	HL	SLF	[LMFPMT	TMLK	ZLSHPYJ<	§N	HIJ	LHIJM	IPNTR	QPXKSJ	W5	GQ	XLMJ	Q]GHPeSJ	[LM	XGTa[MJ\]JNOU	PKKSGOPHGLNQ	T]J	HL	SLFJM	HLHPS	TUNPXGO	SLQQJQ<	bN	YJNJMPSR	QPXKSJ	W5	TJXLNQHMPHJQ	MJT]OJT	SLQQJQ	L[	]K	HL	5̈©	OLXKPMJT	HL	HIJ	KMJZGL]QSU	JZPS]PHJT	TJZGOJQ	ªb;ab«	GN	̂GY<;;<¬R	HIPH	FJMJ	XPN][POH]MJT	]QGNY	JSJOHMLN	GMMPTGPHGLN	HJOING\]J	;®̄<bg<	b�������	����	����>����bN	LMTJM	HL	JZPS]PHJ	HIJ	KJM[LMXPNOJ	L[	HIJ	_̀ abc̀ dQR	P	eGTGMJOHGLNPS	QFGHOI	[LMXJT	eU	PNHGKPMPSSJS	OLNNJOHGLN	L[	W5	TJZGOJQ	FPQ	OLXKPMJT	FGHI	HFL	QHPNTPMT	bc̀ dQ	GN	OLXXLN	JXGHHJM	OLN[GY]MPHGLN<	dIJ	JZPS]PHJT	TJZGOJQ	PMJ	SGQHJT	GN	dPeSJ	bbb<	̂LM	HIJ	OLXKPMGQLN	HIJ	[LSSLFGNY	QHPNTPMT	bc̀ d	TJZGOJQ	FJMJ	OILQJN°	VW5	LKHGXGQJT	[LM	SLF	LNaQHPHJdIJ	HLHPS	KLFJM	SLQQJQ	FJMJ	JQHGXPHJT	[LM	OLXKPMJT	TJZGOJQ	PQQ]XGNY	HIJGM	LKJMPHGLN	GN	[]SS	eMGTYJ	±̂ ²¥	QILFN	GN	̂GY<	;<	bN	HIJ	OLNZJMHJMR	P	QKJOGPS	XLT]SPHGLN	XJHILT	FPQ	PKKSGJT	HIPH	PSSLFJT	HIJ	eGTGMJOHGLNPS	QFGHOIJQ	HL	H]MNaL[[	NPH]MPSSU	;;̄<dPeSJ	bg	SGQHQ	KPMPXJHJMQ	L[	HIJ	±̂ ²¥	HLKLSLYU	[MLX	ĜY<	;<	dIJ	±̂ ²¥	GQ	GNHJNTJT	HL	YJNJMPHJ	PN	GQLSPHJT	5®̈g	h¥	QGNJ	ZLSHPYJ	[MLX	«̈ 	̈g¢¥	KLFJM	Q]KKSU<	hQQ]XGNY	HIPH	HIJ	ZLSHPYJ	ZPMGPHGLN	PH	HIJ	¢¥	QGTJ	GQ	NLH	QGYNG[GOPNHR	HIJ	ZLSHPYJ	PNT	MPHJ	L[	O]MMJNH	MGQJ	LN	HIJ	QJOLNTPMU	FGNTGNY	MJXPGNQ	OLNQHPNH	MJYPMTSJQQ	L[	HIJ	GNQHPNHPNJL]Q	ZPS]J	L[	HIJ	L]HK]H	h¥	ZLSHPYJ<	hQ	P	MJQ]SHR	[LM	HIJ	OPQJ	QH]TU	OLNZJMHJMR	HIJ	³́µ³¶	T]MGNY	QFGHOIGNY	HMPNQGJNHQ	FPQ	OLNQHPNH	PNT	OSLQJ	HL	;̈ 	̈h·̧Q<	SLQQ	PNT	VW®	LKHGXGQJT	[LM	[PQH	QFGHOIGNY<ĜY<	;®	QILFQ	HIJ	HLHPS	KLFJM	SLQQ	[LM	HIJ	JZPS]PHJT	QPXKSJQ	W;aW®	PH	5¹º¥	[LM	;̈	PNT	;¹	f±»	LKJMPHGNY	[MJ\]JNOGJQ<	WPXKSJ	VW®	IPQ	SLF	TUNPXGO	SLQQ	PNT	HIJ	GN[S]JNOJ	L[	HIJ	QFGHOIGNY	[MJ\]JNOU	GQ	XGNLM<	±LFJZJMR
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oBpK	SoBpK	8oBpK	3
	$���	/�	)��	��� ���	���������	��	���	��������	������	���	��������	������������	����������	

PQPP PQPR PQ3P PQ3R PQ8P PQ8R PQSPP8X
TV3P
38
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Curriculum vitae 
Personal data 

Name: Oleksandr Korkh 
Date of birth:   30.10.1993 
Place of birth: Chernihiv, Ukraine 
Citizenship:   Ukrainian 

Contact data 
E-mail: oleksandr.korkh@taltech.ee 

Education 

Language competence 

Language Level 
Ukraine Native 
Russian Native 
English Fluent 
Estonian Beginner 

Professional employment 

Period Organization Position 
2020– …. Tallinn University of Technology Engineer 
2017–2019 Tallinn University of Technology Early Stage Researcher 
2017–2017 Ubik Solutions OÜ Junior Software Engineer 
2016–2017 LCC «TAN», Chernihiv, Ukraine Electronics Engineer 
2012–2015 Chernihiv National University of 

Technology Laboratory assistant 

Honours & Awards 

• 2019, Oleksandr Korkh, IES Student & YP Paper Assistance, 45th Annual
Conference of the IEEE Industrial Electronics Society, 14-17.10.2020, Lisbon,
Portugal

• 2018, Best Paper Award at the 2018 IEEE 59th International Scientific
Conference on Power and Electrical Engineering of Riga Technical University
(RTUCON)

Educational institution Graduation year Education  
(field of study/degree) 

Chernihiv National University of 
Technology 2017 Master’s degree in  

Electronics (with honors) 
Chernihiv National University of 
Technology 2015 Bachelor’s degree 

Chernihiv Secondary School No 24 2011 Secondary education 
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• 2018, Certificate for the Most Active Participation at the 2018 IEEE 59th 
International Scientific Conference on Power and Electrical Engineering of 
Riga Technical University (RTUCON) 

 
Field of research 
 

• Natural Sciences and Engineering, Electrical Engineering and Electronics, 
Energy Research 

 
Grants and projects 
 

• PUT1443 - High-Performance Impedance-Source Converters 
• PSG206 - DC-DC Converters with Ultra-Wide Regulation Range and Post-Fault 

Operation Capability 
• VE19058 - High-efficient EV charger based on 3-level unfolder and current-

fed isolated DC-DC converters 
• LEEEE20047 - Flexible Power Electronic Interface for DC Grid Integration of 

Residential Photovoltaic and Battery Energy Storage Systems (FPEI) 
• EMP474 - Optimised Residential Battery Energy Storage Systems 
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Elulookirjeldus 
Isikuandmed 

Nimi:   Oleksandr Korkh 
Sünniaeg:   30.10.1993 
Sünnikoht:   Ukraina 
Kodakondsus: Ukraina 

Kontaktandmed 
E-post: oleksandr.korkh@taltech.ee 

Hariduskäik 

Keelteoskus 

Keel Tase 
Ukraina keel Kõrgtase 
Vene keel Kõrgtase 
Inglise keel Kõrgtase 
Eesti keel Madaltase 

Teenistuskäik 

Töötamise aeg Tööandja nimetus Ametikoht 
2020– …. Tallinna Tehnikaülikool Insener 
2017–2019 Tallinna Tehnikaülikool Nooremteadur 
2017–2017 Ubik Solutions OÜ Tarkvarainsener 
2016–2017 «TAN», Chernihiv, Ukraina Insener 
2012–2015 Chernihivi Riiklik Tehnoloogia Ülikool Laborant 

Teaduspreemiad ja -tunnustused 

• 2019, Oleksandr Korkh, IES Student & YP Paper Assistance, 45th Annual
Conference of the IEEE Industrial Electronics Society, 14-17.10.2020, Lisbon,
Portugal

• 2018, Best Paper Award at the 2018 IEEE 59th International Scientific
Conference on Power and Electrical Engineering of Riga Technical University
(RTUCON)

Õppeasutus (nimetus lõpetamise ajal) Lõpetamise aeg Haridus (eriala/kraad) 
Chernihivi Riiklik Tehnoloogia 
Ülikool 2017 Tehnikateaduste 

magister (kiituskirjaga) 
Chernihivi Riiklik Tehnoloogia 
Ülikool 2015 Bakalaureuse kraad 

Chernihiv keskkool 24 2011 Keskharidus 
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• 2018, Certificate for the Most Active Participation at the 2018 IEEE 59th 
International Scientific Conference on Power and Electrical Engineering of 
Riga Technical University (RTUCON) 

 
Teadustöö põhisuunad 
 

• Loodusteadused ja tehnika, Energeetikaalased uuringud, Energeetika 
 
Jooksvad projektid 

• PUT1443 - Parendatud omadustega impedantsallikaga muundurid 
• PSG206 - Alalispingemuundurid ülisuure reguleerimisvahemiku ja veajärgse 

töövõimega 
• VE19058 - Kõrge kasuteguriga elektriauto laadija 3-tasandilise alaldi ja 

isoleeritud alalisvoolu muundurite baasil 
• LEEEE20047 - Universaalne jõuelektroonika sidumismuundur 

päikesepaneelide ja akusalvestite integreerimiseks kodumajapidamiste 
alalisvoolu-elektrivõrkudesse 

• EMP474 - Optimeeritud aku-energiasalvestid kodumajapidamistele 
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