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1 Introduction 
1.1 Background 
Current-fed (CF) converters are well-known and can be applied to all types of power 
electronic converters: DC-DC, AC-AC, AC-DC, DC-AC. Nevertheless, CF converters are not 
as widespread in the industry as their voltage-fed (VF) counterparts and are typically 
used in a few limited fields [1], [2]. 

Fig. 1.1 shows the generalized structure of the VF (a) and CF (b) galvanically isolated 
(GI) power converters. The VF converter uses a capacitor to stabilize the input voltage, 
while a typical CF converter uses an inductor to stabilize the input current. The CF 
converter (Fig. 1. b) generally consists of an input boost inductor, an inductor voltage 
overshoot clamping circuit, an input side inverter, an isolating transformer, an output 
side rectifier, and an averaging output filter. 

CCL
VIN

Cin

Tr Lin

VIN

SCL

RloadRloadFilter Filter

Tr

b)a)  
Fig. 1.1 Generalized block diagrams of the VF (a) and the (CF) GI converter. 

Limited use of GI CF converters can be explained by  several drawbacks that the VF 
converters lack, such as the requirement of additional circuits for the inductive voltage 
overshoots clamping. This voltage overshoot on the Lin at the turn-off of switches is 
caused by mismatch between the currents of an input inductor and a leakage 
inductance of an isolation transformer. The clamping circuit does not take part in the 
energy transmission process or converter step-up factor regulation; it is only used to 
provide voltage clamping and in some cases, soft-switching of the input side inverter 
switches. Another drawback of the CF converters is that they can have high inrush 
current during startup. This current is formed if the output filter capacitor is initially 
discharged and according to commutation laws, acts as short circuit. If not treated 
accordingly, the current amplitude can become significantly higher than the nominal 
value and can lead to the failure of semiconductor components. 

Finally, the energy density of magnetic elements in CF converters is much lower as 
opposed to capacitors used as a filtering and storage element in VF topologies [3].  

On the other hand, common advantages of the CF topologies are: 

− CF converters are immune to the transformer saturation.  Unlike in VF 
converters, the shoot-through state is allowed, while zero state is 
prohibited. This makes CF converters immune to the transformer 
saturation as the magnetizing current is reset during the shoot-through 
states [2].  

− In applications like deep sea mining, long-distance energy transfer and 
other uses that have long supply wires, their parasitic inductance can be 
utilized instead or in addition to the dedicated magnetic element [1], [4]. 

− Lower RMS current stress of switches and easily achievable high partial 
load efficiency [5], [6]. 



 

14 

− They require lower transformer kVA rating and turns ratio (in step-up 
applications). To get the same regulation range with a single stage 
converter, the isolating transformer turns ratio for the VF and CF will be 
different. CF converters are inherently boost-type converters. Therefore, 
the turns ratio can be reduced, allowing a more optimal design of the 
transformer as compared to the VF converter [7] and wider voltage 
regulation capabilities [8]. 

− Low input current ripple. Inherently CF topologies have an energy 
accumulating inductor at the input side, which results in smaller input 
current ripple as compared to the VF counterparts. This is important for 
interfacing with renewable energy sources, batteries and fuel cells to 
increase their lifetime and ensure operation at maximum power point 
[2],[8]. 

In recent years, numerous studies have focused on the development of the  
soft-switching CF GI converter topologies and led to the development of various 
clamping techniques using auxiliary networks or circuits as well as clampless solutions. 
At the same time, only a limited number of current-fed topologies with bidirectional 
functionality preserve soft-switching operation and the same high level of efficiency in 
both energy transfer directions. One type of converters that looks promising in this 
regard is the galvanically isolated current fed DC-DC secondary modulated converter 
(SMC) with reverse blocking switches. These types of power converters require an 
active rectifier and four-quadrant switches to achieve soft-switching operation.  
Comprehensive research of such SMC converters for low voltage industrial and 
consumer applications has been neglected, especially regarding the topologies other 
than full-bridge (FB). Novel current-fed DC-DC topologies with reduced switches count 
that employ bidirectional capability and soft-switching operation can show the benefits 
of SMC converters and increase the commercial acceptance of the CF converters as a 
group. 

 

1.2 Motivation of the Thesis 
This research was conducted according to the priority research program established in 
the Power Electronics Group of Tallinn University of Technology. These activities 
initiated in 2014 are aimed towards the synthesis of novel power electronics converter 
topologies and their enhanced control methods and further experimental verification 
for Electronic Power Distribution Networks (EPDNs). The research is conducted with a 
strong emphasis on industrial applications and market needs to achieve fast industrial 
approval of the technologies introduced and to increase their commercial potential.  
The direct support of this research was obtained in the form of the targeted financing 
research project SF0140016s11 of the Estonian Ministry of Education and Research. 
Additional financial sources were also used: grants PUT744 and PUT1680 from the 
Estonian Research Council. Research on power electronics converters for battery energy 
storage and prototype development was supported by the Prototron innovation 
development fund. 
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1.3 Aims, Hypothesis and Research Tasks 
The technology of the CF converters is not as widely spread as VF in the industry despite 
their simultaneous development and much potential in various areas. The advantages 
and benefits of the PS-SMC class of CF converters are to be analyzed and studied. 

The main aim of this Ph.D research is to synthesize and experimentally validate new 
topologies of GI CF converters with a reduced number of switches and soft-switching 
functionality in a wide operation range that will show the same level of performance as 
already existing full-bridge topologies. Moreover, the author aims to show the 
advantages of the presented novel PS-SMC topologies over existing solutions in 
bidirectional and renewable energy applications. The outcomes of this work are 
expected to develop the theory further and increase industrial awareness of the 
snubberless GI CF DC-DC converters. 

Hypotheses: 

− Existing modulation methods for galvanically isolated phase-shift secondary 
modulated current-fed converters (PS-SMC) could be enhanced to provide 
soft-switching operation and comparable performance in both energy 
transfer directions. 

− A number of four-quadrant switches in full-bridge PS-SMC could be 
reduced while preserving soft-switching performance in both energy 
transfer directions. 

− Energy transfer principle of the full-bridge PS-SMC applies to the topologies 
with a reduced number of switches such as push-pull and flyback. 

− PS-SMC topologies with a reduced number of switches can achieve the 
level of performance and soft-switching capability comparable to the  
full-bridge PS-SMC. 

 
Research Tasks: 

− Synthesis of hierarchically structured classification of soft switching 
current-fed DC-DC converter topologies based on modulation techniques 
as a classification feature. 

− Synthesis, analysis, and verification of the full-bridge PS-SMC topologies 
with reduced four-quadrant switches count. 

− Analysis of the implementation possibilities of the PS-SMC topologies with 
reduced switches count. 

− Analysis of application possibilities of the proposed PS-SMC. 

− Development of the benchmarking methodology for the comparison of 
soft-switching DC-DC converters. 
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1.4 Research Methods and Instruments 
The steady state mathematical analysis proposed in this thesis is based on the 
steady-state models derived using the volt-second balance in inductors and the charge 
balance in capacitors (Equations 1.1 and 1.2) [9],[10]. 

( ) 01

0
)( =⋅⋅= ∫

swT

L
sw

avL dttv
T

v
, (1.2) 

where vL(av) is the average inductor voltage, Tsw is the switching period, and vL is the 
instantaneous value of the inductor voltage. 

( ) 01

0
)( =⋅⋅= ∫

swT

C
sw

avC dtti
T

i
, (1.3) 

where iC(av) is the average capacitor current and iC is the instantaneous value of the 
capacitor current. 

Results of the steady state analysis were verified with the PSIM simulation software. 
For the estimation of the power losses, the Thermal module add-on along with physical 
models of the semiconductor devices was used.  

In addition to the simulation study, experimental verification of all proposed 
topologies was performed with the different laboratory prototypes at the rated power 
from 100 W to 500 W. During tests, the prototypes were supplied by Elektro-Automatik 
EA-PSI 9080-60 and TDK-Lambda Genesys series (Gen 100, Gen 300 and Gen 600) DC 
power supplies and Keysight E4360A solar simulator. Converter output was loaded by 
the programmable DC electronic load Chroma 63204 or passive active-inductive load.  

The experimental waveforms were acquired with the digital oscilloscope Tektronix 
MSO4034B equipped with Rogowski coil current probe PEM CWTUM/015/R, current 
probe Tektronix TCP0030A, and high-voltage differential voltage probes Tektronix 
P5205A. The efficiency of the converter was measured while it was supplied from a DC 
power supply in boost mode and TDK-Lambda GEN600-5.5 in buck mode. Efficiency 
measurements were carried out with a YOKOGAWA WT1800 high-precision power 
analyzer. 

1.5 Contribution and Dissemination 
This thesis addresses comprehensive research on the enhancement of the GI CF  
PS-SMCs with special emphasis on the synthesis of topologies with a reduced number 
of switches and auxiliary circuits. The autor has proposed five novel PS-SMC 
topologies that are focused on different applications. From the practical point 
of view, the competitiveness of the novel PS-SMCs was proven by the three industrial 
prototypes of the standalone battery energy storage systems based on three 
different topologies. Knowledge and results, both theoretical and experimental, 
obtained by the author’s research effort have increased industrial awareness on 
soft-switching GI CF power converters. 
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This work contributes substantially to the further development of the soft-switching 
current-fed converters, particularly PS-SMCs. The research performed by the author in 
the field of CF converters was disseminated at 10 international conferences and  
8 doctoral schools in the form of oral and poster presentations. A total number of 
papers published by the author in this field during the Ph.D. study is 18. Among them, 
14 were published in conference proceedings, and 4 papers appeared in peer-reviewed 
journals. The author has been granted two Estonian utility models. 

Findings described in this Ph.D. thesis are based on 11 papers attached and listed in 
the List of Author’s Publications. Among them, 7 papers were reported at seven 
international conferences and workshops of IEEE. The other four papers have appeared 
in international peer-reviewed journals. 

Utility models received: 

− Utility model: Method for control of the current-fed bidirectional DC-DC 
converter; Owners: Tallinn University of Technology; Authors: Andrii Blinov, 
Andrii Chub, Roman Kosenko; Priority number: U201500037; Priority date: 
11.05.2015.  

− Utility model: Current-fed bidirectional DC-DC converter; Owners: Tallinn 
University of Technology; Authors: Andrii Blinov, Andrii Chub, Roman 
Kosenko; Priority number: U201500038; Priority date: 11.05.2015. 

 

Scientific Novelties: 

− State-of-the-art soft-switching current-fed DC-DC converters were 
systematized and classified based on clamping methods. 

− Comprehensive mathematical model of the full-bridge PS-SMC that allows 
calculation of converter soft-switching operation boundaries was first 
developed. 

− Five novel PS-SMC topologies including those with reduced four-quadrant 
switches count were synthesized and analyzed. 

− Advantages of PS-SMC topologies in bidirectional applications are shown. 

− Universal topology assessment tool for the selection of the most suitable 
topologies among those proposed for LiFePO4 battery interface converter 
was developed. 

 
Practical Novelties: 

− Five PS-SMC topologies were assessed and experimentally verified: two 
full-bridge PS-SMC topologies with reduced switches count, and three PS-
SMC topologies.  

− Five proposed PS-SMC topologies were built and experimentally validated. 

− Three industrial prototypes of standalone battery energy storage systems 
based on the FB, DiPP and Asymmetrical PS-SMC topologies were 
assembled and experimentally verified. 
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− The application field of current-fed converters was extended to residential 
energy storage applications where PS-SMC is beneficial against voltage-fed 
converters. 

− Performance assessment of PS-SMC topologies with the next generation 
wide bandgap semiconductor devices was performed. 

 

1.6 Thesis Outline 
Chapter 2 presents the state-of-the-art review of existing current-fed topologies and 
general classification of inductor voltage clamping methods. 

Chapter 3 addresses five new soft-switching current fed topologies. Operation 
principle, benefits and drawbacks of each topology are described and analyzed. 

Chapter 4 introduces the performance assessment tool that was developed.  
It allows direct comparison of power converter topologies regarding components 
loading conditions. The topologies proposed in Chapter 3 are compared using the 
assessment tool. 

Chapter 5 presents an experimental validation of three topologies, including the 
reference topology, selected based on the theoretical comparison in the previous 
chapter. Converters prototypes were designed as and built as a front-end converter for 
the interface of the LiFePO4 battery to the 400V DC-link as a part of AC battery storage 
system. 

Chapter 6 provides generalizations, conclusions and description of future work and 
research directions. 
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2 Overview of CSC Clamping Methods 
 

2.1 Types of Power Converter Topologies 
There are three types of power converter topologies: voltage-fed (VF), current-fed (CF), 
and impedance source (ISC). ISCs are a new emerging technology that is not yet 
adopted by the industry, while VF and CF are already established. 

Many of energy sources, like fuel cells and batteries, have low-voltage dc output and 
thus require a galvanically isolated dc-dc converter to interface them to the  
high-voltage utility grids and feed typical loads [12]. Voltage-fed (VF) dc-dc converters 
were a conventional approach in power electronics for decades. However, recently 
galvanically isolated current-fed (CF) dc-dc converters have proven to be a superior 
solution over VF counterparts for low-voltage high-current sources [2], [12]. Another 
recent trend is towards utilization of soft-switching techniques in dc-dc converters to 
achieve high power density and low cost [11]. Hence, soft-switching (SS) CF dc-dc 
converters are an important research topic.  

Converters with transformers are often preferred due to reduced stresses on the 
components and better flexibility of application [13], [14]. Galvanically isolated dc-dc 
converters with a current-fed (CF) port became a strong competitor for the 
conventional voltage-fed (VF) converters in application areas with low input voltage and 
relatively high current, like photovoltaic energy generation, fuel cell or BESSs [15], [16]. 
Due to continuous input current of CF converters, more efficient operation of such 
systems could be achieved [17], [19]. 

Block diagram of a typical GI CF converter (Fig. 2.1) consist of an input boost 
inductor, inductor voltage overshoot clamping circuit, an input side inverter, an isolating 
transformer, an output side rectifier, and an averaging output filter. 

CCL

LCF

VCF

SCL

CVF VVF

 
Fig. 2.1.  Block diagram of a bidirectional CF GI converter. 

The most obvious drawback of the CF dc-dc converters is the voltage overshoot on 
the LCF at the turn-off of switches caused by mismatch between currents of an input 
inductor and a leakage inductance of an isolation transformer. For this reason, they 
require the clamping circuit. Clamping circuit does not take part in the energy 
transmission process or the converter step-up factor regulation but is only used to 
provide voltage clamping and in some cases soft-switching of the input side inverter 
switches. There are numerous different types of the clamping circuits, each with its 
unique set of features as well as clampless topologies. In the clampless topologies, the 
input side inverter with a specific control algorithm can deal with inductor voltage 
overshoots without any additional circuits. 
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2.2 State-of-the-Art Clamping Methods for CFC 
Generalized classification of the clamping methods for GI CF converters is shown in 
Fig. 2.2.  

2.2.1 Snubber assisted clamping methods 
Passive snubber clamping 

Historically, first attempts to suppress inductor voltage overshoots were made with 
passive snubbers - auxiliary circuits that included diodes and capacitors. Additional 
examples of a converter with passive snubbers are shown in [16],[20],[21]. An example 
of the bidirectional converter with a passive snubber is shown in [PAPER-III]. Drawbacks 
of converters with a passive snubber are limited operation range and additional losses 
on snubber elements. 

Active snubber clamping 
Active snubbers are a next step in the development of clamping circuits that adds active 
switches instead of diodes to the passive snubber circuits. Active snubbers solve the 
problem of voltage overshoot in a wide operation range and they are also used to 
create zero voltage switching (ZVS) conditions for main transistor switches. 

For FB converters, active clamp circuit (ACC) was introduced in [22]. Active clamping 
circuit for a bidirectional FB converter was introduced in [23]. By utilizing active clamp 
and phase shift control, the converter reaches high peak efficiency in both directions of 
the power flow.  

The drawback of ACC is that it raises the peak current through the CF-side switches 
and the transformer higher than the input current, which together with circulating 
capacitor energy results in increased conduction losses [22], [24]. Various methods have 
been used to address this issue at the cost of increased component count, for example, 
by incorporating a more complex snubber [25], or by using an auxiliary converter as an 
active clamping circuit [26]-[29]. 

2.2.2 Snubberless clamping methods 
Some of the existing topologies can be attributed to clampless topologies [30]-[32]. 
Those feature clamping and soft switching of semiconductor devices without a separate 
dedicated circuit. This can be achieved by forcing the current redistribution between 
the CS transistors and it is typically attained in two different ways: by utilizing resonant 
circuit or by using an active rectifier at the voltage source (VF) side.  
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Fig. 2.2.  Clamping methods of CF GI converters. 
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Resonant clamping converters 
The first approach takes advantage of equivalent parasitic inductance of the circuit in 
the form of the transformer leakage inductance that is used to form a resonant circuit 
together with a relatively small, typically external, capacitor. As a result, the topology 
changes to either a series or a parallel resonant current source converter (PRC).  
The latter topology is usually preferred due to wider regulation possibilities [33], [34]. 
PRCs can feature either variable frequency pulse width- or phase-shift-modulation.  

 
Variable-frequency control resonant converters (F-PRC) 

In this group, transistor modulation sequence is based on the constant duty-cycle of the 
CF and VF switches. Topologies in this group achieve clamping with either passive or 
synchronous active rectification on the VF side. 

One of examples is a resonant converter with symmetrical PWM control; symmetric 
parallel resonant CFC (S-PRC) is shown in [33]. This converter features constant on-time 
control of the CF stage, passive VF rectifier and regulation is achieved using frequency 
variation. A drawback of this topology is that energy circulation is drastically increased 
at low power and a significant switching frequency variation range occurs with load 
change. 

 
Variable duty-cycle control resonant converters (PW-PRC) 

Another possibility to achieve SS and voltage clamping without additional circuits is to 
use impulse commutation that employs local resonance during switching transients 
[30]. This approach utilizes parasitic elements for resonance commutation, but it is 
associated with high peak current stress of the input side switches. 

The clamping method that uses secondary side active switches and is based on the 
resonance effect between the leakage inductance and the drain-to-source capacitance 
of the primary side MOSFET is presented in [35]. The method was successfully applied 
to different bidirectional converters [36], [37]. The main difficulties are associated with 
component parameter mismatch, nonlinearity of practical components, significant 
oscillations and the need for frequency variation to achieve robust clamping and  
soft-switching in the wire regulation range. 

 
Phase-shift control resonant converters (PS-PRC) 

Converters with such control have constant duty-cycle of CF and VF switches with 
constant switching frequency. Regulation is achieved by variation of the phase-shift 
angle between CF switches diagonals or by the variation of the phase-shift between CF 
and VF sides. An example topology is the phase-shift parallel-resonant CFC (PS-PRC) 
topology [38]. A main drawback of this converter is that the voltage gain depends 
heavily on the power level, growing more than 1.5 times as the power drops to 10% of 
the nominal voltage that was analyzed and shown in [PAPER-X]. 
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Secondary Modulated Converters 
This approach involves implementation of an active rectifier to form a  
secondary-modulated converter (SMC). SMCs use an active rectifier to force the primary 
currents of the input side switches to change direction and achieve clamping and soft 
switching for semiconductors. The idea to use HV switches to achieve clamping of the 
CF side was first proposed in [39]. Typical SMC converters have one CF and one VF port; 
thus, in some papers, bidirectional SMCs are addressed as current-voltage-fed (CVF) 
converters. Due to the inherited boost capability of the CF side, SMC converters are 
typically used with CF port on the low-voltage side and VF port on the high-voltage side. 
Accordingly, bidirectional converter operation with energy transfer from CF to VF port 
will be referred to further as a boost operation mode and vice versa, energy transfer 
from the VF to CF port will be called buck mode. 

The advantage of SMCs lies in constant frequency modulation for both symmetric 
and phase-shift versions and higher degree of freedom when choosing VF side lossless 
snubber capacitors.  

 

Variable duty-cycle control (PW-SMC) 
PW-SMC converters achieve output power/voltage regulation by altering the duty-cycle 
of the transistor control signals while maintaining the constant phase-shift between the 
control signals. This enables manipulation of the leakage inductance current to achieve 
zero-current switching (ZCS) conditions at the input side and zero-voltage switching 
(ZVS) conditions at the output side with snubber capacitors. In addition, PW-SMC 
features inherent bidirectional operation capability.  

The PW-SMCs control method for the half-bridge CF converter was introduced 
in [40], and was later applied to a family of bidirectional converters [32],[41],[45].  
The method is based on active clamping by VF side active switches and allows achieving 
ZVS of all switches without additional clamping circuits. The proposed algorithm was 
first applied to a converter with half-bridge at the VF side in [48]. To control the 
topology effectively, leakage inductance of the transformer should be precisely 
dimensioned (possibly by an external inductor). The main advantage of PW-SMC is that 
it offers a low number of switches. The main drawback of existing PW-SMC topologies is 
that it has increased energy circulation and CF switches exhibit relatively high peak 
currents, especially during light load operation [34]. 

 
Phase-shift control (PS-SMC) 

The converter consists of the CF full-bridge inverter at the low-voltage input side, the VF 
half-bridge inverter with snubber capacitors at the high-voltage output side, which 
operates as an active voltage double rectifier (VDR) in boost mode. 

PS-SMC regulates output power/voltage by changing the phase-shift between the CF 
inverter diagonals or diagonals and the VF rectifier or both, while the duty cycles of the 
switches are kept constant. 

In this group, all transients in all semiconductor components are soft-switching (SS), 
which is achieved along with natural clamping at the CF side. Another advantage of the 
PS-SMC is minimal energy circulation from the output side to the input side, which is a 
usual drawback of many SS techniques. It requires utilization of diodes in series with the 
switches at the CF side to achieve bidirectional voltage blocking feature of the switch. 
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Utilization of diodes in series with switches results in unidirectional power flow in the 
converter. A converter with four-quadrant switches at the CF side proposed in [47] can 
utilize the synchronous phase-shifted modulation to achieve bidirectional power 
transfer with FSS in the both directions. There are no commercial fully controllable 
bidirectional switching (four-quadrant switching) devices and only a few commercial 
models of the reverse blocking IGBT devices have a structure of series connection of 
IGBT and diode. At this level of technology, for a competitive high-efficiency converter, 
reverse blocking switches must be realized as a counter-series connection of the two 
discrete transistors.  

Therefore, the main drawback of the PS-SMC is the increased number of 
semiconductors at the CF port and high conduction losses.  

 

2.3 Summary of Chapter 2 
This chapter reviewed existing clamping methods for GI CF converters. The main 
conclusions are as follows: 

− Snubber assisted clamping methods cannot ensure inductive voltage 
overshoot clamping in a wide operation range. Additionally, clamping 
circuit increases circulation energy and power losses. 

− Resonant clamping methods allow clamping without additional power 
circuits but suffer from limited regulation range. Regulation range and 
efficiency heavily depend on the resonant circuit design. It is possible either 
to get high efficiency in a narrow operation range or good efficiency in a 
wider range. 

− PW-SMC has a minimal number of components and allows clamping and 
soft-switching without auxiliary circuits. A drawback is that the peak 
current through the CF side switches remains the same at all power levels, 
which leads to significant efficiency drop at low power. 

− PS-SMC allows both clamping and soft-switching of CF and VF transistors in 
a wide operation range with a relatively simple control strategy (only-phase 
shift value is regulated). But PS-SMC has higher number of switches in the 
CF side. So far, this group was represented mainly by FB topologies and 
with the requirement of four-quadrant switches, which has led to a high 
number of transistors and increased conduction losses in the CF side. 
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3 Novel Galvanically Isolated Bidirectional Soft-Switching 
Current-Fed DC-DC Converters 

 
The full-bridge topology (FB-SMC) introduced in [PAPER-I] was chosen as the baseline 
topology for the evaluation of novel phase-shift modulated converters as they are 
based on the same soft-switching principle.  A mathematical model and modulation 
sequence deadtime calculations are presented in [PAPER-II]. FB PS-SMB topology that 
has four four-quadrant (4Q) switches is shown in Fig. 3.1. Waveforms for energy 
transfer direction from the CF to VF port are shown in Fig. 3.2. A detailed description of 
switching intervals and modulation sequence for the reverse energy transfer is shown in 
[PAPER-II]. 

 Depending on the application, instead of bidirectional 4Q switches (Fig. 3.3. (b-d)), 
reverse blocking two-quadrant (2Q) switches (Fig. 3.3. (e-g)) can be used to decrease 
the number of controlled semiconductors. 4Q switch realization with two MOSFETs in a 
common source configuration (Fig. 3.3. b) is preferable as it has the lowest conduction 
losses, particularly in low voltage applications. In high voltage low current systems, 
where the bidirectional functionality is not needed as the reverse blocking, IGBT 
switches (Fig. 3.3.) can be applied, since they feature improved on-state characteristics 
as compared to similarly rated IGBT and series diode configurations. The idea of  
soft-switching is that due to the phase-shift between the CF and VF port they are forcing 
ZCS and ZVS commutation in each other [PAPER-II]. 

Soft-switching range is limited by the recharge rate of the VF transistors by the  
CF-side current at the minimum input current (low input power at high input voltage) 
during switching interval f) from low-power side of operation region and by the CF 
transistors current drop rate at maximal input current (high input power at low input 
voltage) during switching intervals c) and e) from the high-power side of the operation 
region. 
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Fig. 3.1.  FB-SMC topology. 
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Fig. 3.2. Operational diagrams of the proposed converter topology with four  
four-quadrant switches. 

 

b) c) d) e) f) g)a)  
Fig. 3.3. 2Q (a), 2Q reverse blocking (e-g) and 4Q (b-d) switches. 

Voltage gain factor can be expressed as [PAPER-III]: 

 

2
1 (2 2 2 4 ) /

S
CF VF

SWP c d e f

NG N t t t t T−
= ⋅

− ⋅ + ⋅ + ⋅ + ⋅
, (3.1) 

where Tsw is the converter switching period, NP and NS are the number of the turns 
of the primary and secondary windings, tc, te, tf is the duration of the switching intervals 
c), e) and f) accordingly (Fig. 3.2.). 

The simplified Gain factor can be expressed by the equation: 

 

2
1 2

S
CF VF

S REVP D D
NG N−

= ⋅
− − ,  (3.2) 

where 2 ( ) /S c d e SWD t t t T= ⋅ + + is the shoot-through duty cycle; 2 /REV f SWD t T= ⋅  is 
the duty cycle of the reverse reactive energy transfer interval. 
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Among the advantages of the FB-SMC converter are: 

− bidirectional energy transfer is possible [PAPER-I]; 

− all semiconductors operate under soft-switching conditions in both energy 
transfer directions [PAPER-II]; 

− soft-switching is achieved in a relatively wide operation range [PAPER-II]; 

− self-clamping of the CF inductor voltage [PAPER-II]; 

− no passive snubbers are required, soft-switching is achieved with the help of 
parasitic equivalent output capacity of the VF transistors and phase-shifter 
modulation algorithm [PAPER-I]; 

− it is possible to achieve both polarities of voltage on the CF port in VF to CF 
energy transfer direction [PAPER-VI]; 

− peak current of the switches and the transformer never exceeds the input 
current. This leads to minimized energy circulation [PAPER-X]. 

A significant disadvantage of the FB-SMC topology is a high number of switches at 
the CF side. Taking into account that the proposed converter topology acts as a step-up 
converter in the energy transfer direction from the CF to the VF port with 1:1 
transformer, the most reasonable applications will be with low voltage CF and high 
voltage VF port. As a result, a high number of switches at the low voltage/high current 
side leads to high conduction losses, and so the power stage efficiency can be lower 
than in other full-bridge CF and VF topologies.  

A distinctive feature of FB-SMC is that the regulation of the output voltage is done 
by varying of the shoot-through duty-cycle (Ds) that is achieved by changing the  
phase-shift between CF side diagonals. At the same time, the duty cycles of the CF-port 
transistors (DCF), VF-port transistors (DVF) and the phase shift between CF- and VF-ports 
(Drev) are selected at the design stage [PAPER-II] and remain there throughout the 
whole operation range. Alternatively, regulation can be achieved by varying Drev, while 
Ds and other duty-cycles are fixed. However, this approach demonstrated lower 
efficiency and higher transformer losses due to the increased reactive energy circulation 
[48]. 
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3.1 Topology with Auxiliary Active Switch 
To decrease the number of switches in the CF-port, the topology with an auxiliary active 
switch (AUX-SMC) was proposed Fig. 3.4. It uses the same principle of phase-shifted 
modulation as the FB-SMC to achieve soft-switching operation but has one additional 
4Q switch instead in series with the transformer winding instead of all CF-side switches 
being four-quadrant. The topology was first introduced in [PAPER-III], and the reverse 
operation mode was presented in [PAPER-IV]. Modulation sequence and generalized 
waveforms for AUX-SMC in CF to VF energy transfer mode are shown  
in Fig. 3.5. 
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Fig. 3.4. AUX-SMC topology. 
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Voltage gain factor can be expressed as [PAPER-III]: 

 

2
1 (2 2 2 ) /

S
CF VF

SWP c d e

NG N t t t T−
= ⋅

− ⋅ + ⋅ + ⋅  (3.3) 
where tc, td, te – the duration of the switching intervals c, d and e accordingly  

(Fig. 3.5). 
This topology has the benefits and drawbacks of the FB-SMC topology while the 

number of switches and control signals is lower. Nevertheless, the topology has a 
significant control limitation. As seen from the operating waveforms of Figs. 3.5 and 3.2, 
one switching interval is absent. In the FB-SMC topology it served as an additional safety 
interval to extend the soft-switching range towards low current (minimal power at 
maximum input voltage) at the cost of increased circulation energy at high input current 
(the highest power at minimum input voltage). Without the possibility to adjust this 
interval, the soft-switching range is more limited compared to FB-SMC due to the 
increased VF transistors parasitic capacitor recharge time at the low input current. 

3.2 Asymmetric FB topology 
Another way to decrease the number of switches in FB-SMC was proposed in [PAPER-
IIX]. Asymmetrical full-bridge phase-shifted converter (A-SMC) aims to add  the 
advantage of consistent VF transistor Ceq recharge rate to the phase-shifted SMC that 
was previously available only in PW-SMCs [PAPER-IX]. A-SMC topology is shown in Fig. 
3.6, generalized waveforms for CF to VF energy transfer direction in Fig. 3.7. 
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Fig. 3.6. A-SMC topology. 

 

Voltage gain factor can be expressed as [PAPER-IIX]: 

 2 3 1 6(min)
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Fig. 3.7. Generalized waveforms of A-SMC. 

Usage of two 2Qv switches and the modulation sequence of FB-SMC allowed 
extending soft-switching range down to zero power (no load operation) while having 
lower switch count. In FB-SMC, it was limited by the slow recharge of the VF transistor 
equivalent output capacitance when the CF current was low. In A-SMC with proper 
design, the peak current of the top CF transistors is always higher than the input current 
(t4-5) [PAPER-IIX], and this peak does not depend on the power value. Recharging of 
capacitor Ceq takes place when the current is at its peak value. Thus, the capacitor 
recharge time is constant and unaffected by the converter operating point. 

A drawback of A-SMC, as compared to FB-SMC, is that it is non-symmetrical, which 
leads to non-equal loss distribution among CF semiconductors. In VF to the CF energy 
transfer direction it is not possible to get both polarities of the voltage on the CF port; 
the peak value of the CF transistors current is always high and thus they suffer from 
increased conduction losses at light loads. Another disadvantage is that precise 
dimensioning of leakage inductance is necessary to avoid unreasonably high energy 
circulation. 
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3.3 Single Inductor Push-Pull 
A-SMC and AUX-SMC both have fewer switches than FB-SMC, but still, a total number of 
transistors is higher than in most competing CF topologies like active-clamp and  
PW-SMC [PAPER-IIX]. That is why the author tried to extend the proposed  
soft-switching algorithm to topologies with low switches count. Among such topologies, 
the first is a single-inductor push-pull secondary modulated converter (SiPP-SMC).  
The topology is shown in Fig. 3.8. Generalized waveforms in the CF to VF energy transfer 
direction are shown in Fig. 3.9. Switching intervals and the reverse energy transfer 
mode are shown in [PAPER-V]. 
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Fig. 3.8. Generalized waveforms of SiPP-SMC. 
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Fig. 3.9.  Generalized waveforms of SiPP-SMC for the forward operation mode. 

SiPP-SMC has many of the benefits of the FB-SMC, at the same time, it has 
significantly lower switches count. 

Among the drawbacks of SiPP-SMC are: 

− three winding transformer is required, which makes it generally bulkier and 
more complex in design as opposed to the two-winding transformer in the 
presented topologies; 
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− two times higher steady-state voltage stress across the CF switches compared 
to the FB-SMC converter with the same parameters and transformer turns 
ratio; 

− increased energy circulation, especially at higher gain values, because the 
regulation is done by varying the duration of the reactive energy transfer 
interval. 

Voltage gain factor can be expressed as [PAPER-V]: 

 REVCF

VF
FRW DnV

VG
⋅−

==
21

1
2 , (3.5) 

 

3.4 Dual Inductor Push-Pull 
Another topology with low-switches count is the dual inductor push-pull SMC topology 
(DiPP-SMC) introduced in [PAPER-VI]. The topology and generalized waveforms are 
shown in Figs. 3.10. and 3.11 respectively. Due to the configuration of the switching 
stage, modulation sequence currents through the inductors reach their peak value with 
a phase-shift of 180 degrees between each other. Furthermore, at any given instance of 
time, one of the input inductors is accumulating the energy, and another one is 
releasing it. As the converter input current is equal to the sum of the input inductor 
currents, the converter never operates in discontinuous conduction mode. 
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Fig. 3.10. DiPP-SMC topology. 
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Fig. 3.11. Generalized waveforms of DiPP-SMC. 

The voltage gain of DiPP is expressed as: 

 

2
1 4

S
CF VF

REVP D
NG N−

= ⋅
− ⋅ , (3.6) 

DiPP-SMC topology has the following advantages compared to FB-SMC: 

− two times higher minimal gain, so the transformer turns ratio will be lower 
than in FB-SMC and SiPP-SMC; 

− two-winding transformer is required unlike the SiPP-SMC; 

− immune to the discontinuous current mode. 

− The disadvantages of the DiPP-SMC: 

− doubled steady-state voltage stress on the CF transistors; 

− increased number of magnetic components (two inductors); 

− increased energy circulation, since the output voltage is regulated by varying 
the duration of the reactive energy transfer interval. 
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3.5 Flyback SMC 
Further development of the DiPP-SMC topology revealed that it is redundant and can 
operate even at failure of one of the inductors. The topology obtained from DiPP-SMC 
by removing one of the CF inductors (Fig. 3.12.) was presented as a flyback secondary 
modulated converter (FBK-SMC) in [PAPER-XI]. The extra benefit of this topology as 
compared to the DiPP-SMC is the reduced number of magnetic elements.  

The drawback of this converter is that input current ripple is higher and its 
frequency is two times lower than in other PS-SMC topologies (ICF waveform in  
Fig. 3.13.). 
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Fig. 3.12. FBK-SMC topology. 
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Fig. 3.13. Generalized waveforms of FBK-SMC in the forward operation mode. 
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Generalized waveforms of FBK-SMC are shown in Fig. 3.13. Description of control 
intervals is presented in [PAPER-XI]. Voltage gain in the CF to VF energy transfer 
direction is expressed as: 

 

2
1 4

S
CF VF

REVP
D

NG N−
= ⋅

− ⋅ , (3.7) 
Operation in the VF to CF energy transfer direction has not been discussed in paper, 

but in general, it is similar to DiPP-SMC. Generalized waveforms in this mode are shown 
in Fig. 3.14. 
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Fig. 3.14. Generalized waveforms of FBK-SMC in the reverse operation mode. 

Interval 1 (t0 < t < t1). At the instant t0, the switch S2.1 is turned off. The body diode 
(BD) of S2.1 conducts the current. The 4Q switch S1 is turned on with ZVS, assisted by 
the transformer leakage inductance. The transformer current ITRp is redistributing 
between the 4Q switches, from S2 to S1, and changes its sign. Transformer primary 
voltage drops to zero.  

Interval 2 (t1 < t < t2). At the instant t1, current through the 4Q switch S2 drops to 
zero, causing the BD of S2.1 to turn off naturally. From this instant, the switch S2.2 can 
be switched off with ZCS. The inductor LCF feeds the load. Transformer-magnetizing 
inductance starts accumulating energy from C4 through S4. This interval is needed to 
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ensure that the current through S2 drops to zero in the whole converter operation 
range. 

Interval 3 (t2 < t < t3). Switch S2.2 is turned off with ZCS at the instant t2. Processes in 
this interval are similar to the previous one. This interval is needed to separate 
switching transitions in CF and VF sides and in most cases it can be omitted. 

Interval 4 (t3 < t < t4). The switch S4 turns off with snubber-assisted (C2)  
soft-switching at the instant t3. This results in recharging of the snubber capacitors:  
C2 from zero to VVF and C1 from VVF to zero. 

Interval 5 (t4 < t < t5). At the instant t4, the transformer voltage polarity is changed, 
causing BD of S3 to turn on. Energy accumulated in the transformer magnetizing 
inductance Lm is transferred to C3. This interval is needed to ensure that snubber 
capacitors are recharged and should be optimized to minimize the BD conduction 
losses. 

Interval 6 (t5 < t < t6). At the instant t5 S3 turns on with ZVS. Energy transfer from Lm 
to C3 continues with reduced conduction losses. 

Interval 7 (t6 < t < t7). At the instant t0, the switch S1.1 is turned off. The body diode 
(BD) of S1.1 conducts the current. The 4Q switch S2 is turned on with ZVS, assisted by 
the transformer leakage inductance. Processes are analogical to those on interval 1. 

Interval 8 (t7 < t < t8). At the instant t1, current through the 4Q switch S2 drops to 
zero, causing the BD of S1.1 to turn off naturally. Energy transfer interval is started. 
Energy is transferred through the transformer from VF to CF terminal. LCF starts 
accumulating energy. 

Interval 9 (t8 < t < t9). S1.2 is turned off with ZCS at the instant t8. Energy transfer 
interval continues. 

Interval 10 (t9 < t < t10). The switch S3 turns off with snubber-assisted (C1)  
soft-switching at the instant t9. 

Interval 11 (t10 < t < t11). At the instant t10, the transformer voltage polarity is 
changed, causing BD of S4 to turn on. Reverse energy transfer interval is started. Energy 
accumulated in LCF is transferred to the load and to the C4 through the transformer. 

Interval 12 (t11 < t < t12). At the instant t11, S4 turns on with ZVS. Reverse energy 
transfer continues with reduced conduction losses. Duration of intervals 11 and 12 
defines the converter gain factor. It is expressed by the equation: 

 
0.5 2P

REVCF VF
S

DNG N−
= ⋅ − ⋅

,  (3.8) 
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3.6 Summary of Chapter 3 
Five new topologies were proposed: two full-bridge with a different configuration of 4Q 
switches (AUX-SMC and A-SMC) and three with a reduced number of switches  
(SiPP-SMC, DiPP-SMC, FBK-SMC). In industrial applications, converter efficiency is a 
trade-off of components cost and quality. In soft switching converters, two mains 
sources of losses are semiconductor conduction losses and losses in magnetic 
components. In the case of step-up power converters, conduction losses on the low 
voltage (high current) side are defining. With the development of the semiconductor 
technology, prices of the state-of-the-art transistor silicon transistors are low. As was 
shown in [44], it is unreasonable to use expensive emerging wide-bandgap GaN 
transistors in PS-SMCs; they will not give efficiency gain but only better size/weight 
characteristics with higher switching frequencies. At the same time, to improve 
converter efficiency by the reduction of the losses in magnetic components it is needed 
to use exotic and expensive magnetic materials. Thus, the increased static 
semiconductor losses because of the higher number of switches in PS-SMC converters 
are not so critical as they allow a decrease in the losses in magnetic elements by 
decreasing the circulating energy [PAPER-II], [PAPER-X]. 

The topologies proposed are sharing some common features, such as: 

+ PS-SMC by nature – regulation is achieved by variation of the phase shift 
between CF and VF ports while the duty-cycle of all switches remains the same; 

+ Active rectifier (VF port) enables bidirectional power transfer; 

+ Soft-switching operation in both directions; 

+ Soft-switching operation in a wide regulation range; 

+ Voltage clamping of the CF port inductor voltage; 

+ No snubbers are required; 

+ Immune to transformer saturation (flux runaway). 
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4 Application-Specific Design of GISS Bidirectional DC-DC 
Converters for Energy Storage Applications 

 
An experimental prototype was designed for interfacing of the eight-cell LiFePO4 
battery into the 400V DC-bus as a part of battery energy storage system (BESS).  
The converter was designed to cover the whole voltage range of the battery.  
The voltage of the eight-cell LiFePO4 battery varies in a range of 20-30 V. One of 
distinguished features of the LiFePO4 batteries is that the output voltage remains 
almost constant on a level of 25.6 V in a range of approximately 20-80% of its nominal 
capacity. LFP battery charge and discharge curves are shown in Fig. 4.1a. Hence, the 
interface converter should be optimized for this operation voltage. 

The nominal operational voltage of the selected battery is 25.6 V. During normal 
operation, the voltage of the battery should not drop below 20 V and rise above 30 V to 
avoid deep discharge and overcharge conditions. The battery charge and discharge 
curves at maximum rate are shown in Fig. 4.1b.  
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Fig. 4.1. 8-cell LiFePO4 battery charge a) and discharge b) profiles. 

 

4.1 Full-Bridge SMC topology 
FB-SMC is used as a baseline topology to assess topologies with reduced switches 
count. BESS storage based on the FB-SMC topology is described in detail in [PAPER-VII]. 
In this research, a grid inverter is not taken into account as it is the same for all 
compared systems. 

General parameters of the prototype are presented in Table 4.1. The parameters of 
the semiconductor devices are listed in Table 4.2. The experimental converter 
prototype in Fig. 4.2 is controlled by the STM32F334R8T6 microcontroller. The input 
and output current are measured by ACS716 and ACS712 current sensors respectively. 
The voltages are measured with the isolated operational amplifier AMC1200. All the 
sensors were connected to the ADC converter integrated into the microcontroller 
through the active analog filters. VF side transistors are controlled with ACPL-P346 
drivers. CF side transistors are controlled with ADUM3221 dual channel galvanically 
isolated drivers.  Usage of such drivers allows us to minimize components count as only 
one driver and isolated supply are needed to drive the bidirectional 4Q switch. 
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All the experimental waveforms were acquired with the digital oscilloscope 
Tektronix MSO4034B equipped with Rogowski coil current probe PEM CWTUM/015/R, 
current probe Tektronix TCP0030A, and high-voltage differential voltage probes 
Tektronix P5205A. Efficiency of the converter was measured while it was supplied from 
a DC power supply Elektro-Automatik EA-PSI 9080-60 in the charge mode and from 
TDK-Lambda GEN600-5.5 in the discharge mode. Efficiency measurements were carried 
out with a YOKOGAWA WT1800 high-precision power analyser. 

 
TABLE 4.1. OPERATING PARAMETERS OF THE EXPERIMENTAL CONVERTER  

Parameter Symbol Value 
Converter power rating, W P 500 
Input voltage, V VCF 20-30 
DC-bus voltage, V VDC 400 
Switching frequency DC-DC, kHz fSW 50 
Switching frequency DC-AC, kHz fSW 20 
Transformer turns ratio (Ns /Np) N 33/6 
Transformer magnetizing inductance, uH LTX_m 930  
Transformer leakage ind., nH Lleak 430 
Inductance of boost inductor, uH LCF 100 
Capacitance of filter capacitor, uF C1,C2 2.2 
Capacitance of DC-link capacitor, uF C3 150 

 
TABLE 4.2. TYPES AND PARAMETERS OF SEMICONDUCTOR DEVICES USED 
Component Type Specifications 

S1.1 – S4.2 Infineon 
BSC035N10NS5 

VDS=100 V; RDS(on)=3.5 mΩ 
ID=100 A, trr= 62 ns, Qrr=122 nC 

S5 – S11 Infineon: 
IPP65R225C7 

VDS=650 V; RDS(on)=225 mΩ 
ID=41 A, trr=890ns, Qrr=600 nC 

 
Duty cycles required for the soft-switching operation were in a range of 50-500 W 

input power and 20-30 V CF-side voltage was calculated by the methodology proposed 
in [PAPER-II]. For the prototype DVF=0.47 and DCF=0.516. Visual representation of the 
soft-switching range and the converter operation area is shown in Fig. 4.3. Converter 
operating area is marked as a shaded rectangle. Power stage efficiency measurement 
results are shown in Table 4.3. Measurements were carried out in all the assessment 
tool points, an additional point at 25% of the nominal power was added to smoothen 
out the efficiency graphs that will be shown at the end of this chapter. Negative power 
represents converter operation in the discharge mode (energy is transferred from CF- to 
VF-side) while positive power corresponds to the charge mode. 
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Fig. 4.2. Experimental prototype of FB-SMC. 
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TABLE 4.3. FB-SMC POWER STAGE EFFICIENCY MEASUREMENTS 

Pin, % Pin, W 

Vcf, V 

20 25 30 

Eff., % Eff., % Eff., % 

-100 -500 92.9 94.6 95.6 

-70 -350 94.3 95.4 96.7 

-40 -200 96.2 97.0 97.6 

-25 -125 96.7 97.2 97.4 

-10 -50 95.2 96.1 96.0 

10 50 94.2 94.6 94.9 

25 125 95.7 96.4 96.7 

40 200 95.6 96.7 97.1 

70 350 94.4 96.0 96.6 

100 500 92.9 94.7 95.9 

 

4.2 Asymmetric FB SMC topology 
A-SMC parameters and components used are the same as for FB-SMC (Tables 4.1 and 
4.2). The soft-switching range and its dependence on the transistors duty-cycles are 
shown in Fig. 4.4. As seen from the comparison of Figs. 4.3 and 4.4, A-SMC has the same 
soft-switching range border at high power as the FB-SMC, but it can operate under  
soft-switching conditions down to zero power. Results of the efficiency measurements 
of the A-SMC power stage are shown in Table 4.4. 
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Fig. 4.4. A-SMC soft-switching boundaries. 
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TABLE 4.4. A-SMC POWER STAGE EFFICIENCY 

Pin, % Pin, W 

Vcf, V 

20 25 30 

Eff., % Eff., % Eff., % 

-100 -500 91.7 94.3 95.4 

-70 -350 93.4 95.3 95.8 

-40 -200 94.4 95.4 95.7 

-25 -125 93.7 94.2 94.4 

-10 -50 87.8 88.0 87.9 

10 50 90.5 91.0 90.6 

25 125 94.3 95.0 95.3 

40 200 94.9 95.8 96.0 

70 350 93.2 95.1 95.8 

100 500 91.2 93.9 95.0 

 

4.3 Dual Inductor Push-Pull SMC topology 
For an experimental verification of DiPP-SMC, main converter parameters are the same 
as for FB-SMC. Still, due to the doubled minimal gain factor of DiPP-SMC, the 
transformer with two times lower turns ratio is required. Parameters of the transformer 
and input inductors are shown in Table 4.5. Moreover, CF transistors suffer from 
increased steady-state voltage stress due to the reflected transformer voltage; so, their 
voltage rating should be higher. CF transistors with the parameters closest possible to 
those of FB-SMC but increased operating voltage were selected, their parameters are 
shown in Table 4.6. The dependency of the soft switching range of the converter on the 
the values of boundary duty cycles calculated is shown in Fig. 4.5. According to the 
calculations, to ensure soft-switching in the whole operation area, CF duty cycle should 
be 0.51 or higher and VF duty cycle should be 0.46 or lower. These values were used in 
transistor modulation sequences during the experiments. 
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TABLE 4.5.  PARAMETERS OF THE EXPERIMENTAL PROTOTYPE 
Parameter / Component Symbol Value 
Primary side inductor, μH LA, LB 44  
Transformer turns ratio N2/N1 22:8 
Transformer magnetizing inductance, mH LTX_m 3 
Equivalent TX leakage inductance, μH Lleak 10 

TABLE 4.6. SEMICONDUCTOR COMPONENTS OF THE EXPERIMENTAL DIPP-SMC PROTOTYPE 
Component Type Specifications 

S1.1 – S2.2 Infineon 
IPB048N15N5 

VDS=150 V; RDS(on)=4.8 mΩ 
ID=120 A, trr= 60ns, Qrr=83 nC 

S3 – S4 Infineon: 
IPP65R225C7 

VDS=650 V; RDS(on)=225 mΩ 
ID=41 A, trr=890ns, Qrr=600 nC 

HF Transformer

CF Inductors

LiFePO4 Battery

Grid Inverter

Control Board

VF Half-Bridge
CF Full-Bridge

Fig. 4.6. Experimental DiPP-SMC prototype. 
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TABLE 4.7  DIPP-SMC POWER STAGE EFFICIENCY. 

Pin, % Pin, W 

Vcf,V 

20 25 30 

Eff., % Eff., % Eff., % 

-100 -500 94.30 95.90 96.30 

-70 -350 95.30 96.50 96.40 

-40 -200 96.10 96.70 96.20 

-25 -125 95.70 96.10 95.10 

-10 -50 93.00 92.70 90.00 

10 50 92.98 91.00 86.60 

25 125 96.15 95.70 94.44 

40 200 96.20 96.30 96.30 

70 350 95.40 96.20 96.40 

100 500 94.30 95.32 96.00 

 

4.4 Experimental results 
For the ease of comparison, the measured power stage efficiency for both energy 
transfer directions is visually represented in Figs. 4.7- 4.9 for different voltage levels. 
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Fig. 4.7. Comparison of converter efficiency at Vcf=20 V. 
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Fig. 4.8. Comparison of converter efficiency at Vcf=25 V. 
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Fig. 4.9. Comparison of converter efficiency comparison at Vcf=30 V. 

 

4.5 Summary of Chapter 4 
In this chapter, application-oriented design of three SMC converters was discussed. 
Current-fed soft-switching GI converters in low voltage BESS application can give a 
significant advantage over voltage fed counterparts as they allow continuous battery 
charge and discharge current and decrease transformer size and turns ratio because of 
inherited voltage step-up capability. More of that soft-switching operation of proposed 
converters in the whole operation range is a significant benefit in this high-current 
application that places the proposed converters in the same line with industry approved 
soft-switching VF dual active bridge converters.  

Three experimental converters with the same parameters were developed to justify 
the applicability of SMC converters for BESS:  
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− All three converters showed an efficiency higher than 95% in the middle of the 
operation range, close to the nominal battery voltage, VCF=25 V (Fig. 4.1) and 
power higher than 25% of that rated. 

− It was proven by the theoretical and experimental data that SMC converters 
with reduced switches count preserve benefits and operation range of the  
full-bridge based SMC topologies. 

− It was shown that the SMC topology with reduced switches count DiPP-SMC is 
able to achieve higher power stage efficiency at high power. 

− A-SMC and DiPP-efficiency drop at low power level predicted by the 
assessment tool in Chapter 3 was proven by the experimental data. 
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5 Performance Assessment of Bidirectional Current-Fed  
DC-DC Converters 
5.1 Definition of Comparison Criteria 
There is a variety of GI CF topologies and clamping methods. Since each application has 
its specific requirements and optimization priorities, the choice of the most suitable 
topology for a particular application requires comparison according to certain criteria. 
The initial tool for the assessment and comparison of topologies was presented in 
[PAPER-X]. It was performed by evaluating two parameters: cumulative RMS current in 
the CF side (primary inverter) (sum of RMS currents in all switches) and RMS 
transformer primary current, both normalized to the RMS input current. In the scope of 
[PAPER-X], the difference in secondary currents between the analyzed converters was 
found to be relatively small, and thus the analysis of the rectifier currents was omitted. 
This approach allowed to evaluate and compare different current source isolated full 
bridge converters. However, the methodology has a limited scope and cannot be used 
to adequately compare converter topologies others than full-bridge based. 

Author’s proposal for the improvement of the assessment tool is described below.  
It is extended to allow us to evaluate and compare not only the full-bridge topologies 
but also the topologies with different switch count such as half-bridge and push-pull or 
even VF and CF converters within the same application mission profile. 

A general galvanically isolated converter consists of five functional blocks, as shown 
in Fig. 5.1: input energy storing element (capacitor, inductor or both), primary inverter, 
isolating transformer, secondary rectifier, output filter. 

CCL

LCF

VCF

SCL

CVF VVF

 
 Fig. 5.1. The generalized structure of the galvanically isolated converter. 

For the analysis, certain assumptions were defined. All the components were 
considered lossless, the input inductor current ripple (or, in the voltage source topology, 
input capacitor voltage ripple) and the output voltage ripple were negligible and 
transformer magnetizing inductance infinitely large. For this reason, the input energy 
storing element and the output filter were not taken into consideration in the scope of 
this evaluation. The converters were investigated for the capability of soft switching and 
stabilization of the output voltage with 1:2 input voltage and 10% to 100% load 
variations. For comparison, the equivalent inductance and capacitance parameters 
were chosen such that the converter’s input inverter should be capable of providing 
exactly 1.1 voltage gain at a maximum input voltage and maximum power, while the 
transformer turns ratio and switching frequency were assumed the same.  
The parameters of all topologies under the evaluation were derived using these design 
constraints.  
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The evaluation was performed using three normalized quantities that represent the 
loading conditions of the primary inverter, isolation transformer and secondary 
rectifier. 

Primary inverter loading conditions are represented as a ratio between the 
cumulative RMS current in primary semiconductors (ISp(RMS)) multiplied by the  
steady-state voltage stress across semiconductors at the input side (VSp(DC)) and the 
product of the input current (Iin) by the input voltage (Vin):  
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. (5.1) 
Transformer loading conditions are represented by a ratio between the product of 

the cumulative RMS transformer primary current (ITXp(RMS)) by a transformer  
steady-state primary voltage and the product of the input current by the input voltage: 
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Secondary rectifier loading conditions are represented as a ratio between the 

cumulative RMS current in secondary semiconductors (ISs(RMS)) multiplied by the  
steady-state voltage stress across semiconductors to a product of the output current 
(Iout by the output voltage (Vout):  
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In [PAPER-X], loading conditions of the secondary part were not considered because 

in the scope of that study they were similar for all reviewed converter topologies. The 
inclusion of this parameter to the assessment tool allowed us to evaluate and compare 
topologies with different secondary rectifier stages and to assess the impact of reactive 
energy in a circuit for appropriate topologies. Addition of normalized voltage stress, on 
the other hand, allowed us to compare topologies with different transformer turns 
ratios and switches configuration. 

 

5.2 Converter Evaluation Operation Points 
In the proposed approach, the operation region of a particular application is divided by 
the operation voltage and power. This approach provides a set of points that are 
representing different converter operation conditions, starting from minimal operation 
power at maximal input voltage up to the nominal power at the lowest input voltage 
(Fig. 5.2). 
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Fig. 5.2. Operating points selected for evaluative comparison of case study converters. 

For each operation point, the normalized voltage-current loading condition 
quantities of all converters were measured. In the scope of this work, those quantities 
were obtained with software models done in “PSIM Simulation Software”. 

The results were grouped and represented in the form of circular diagrams. Such 
diagrams allow us to see the behavior of the topology in a whole operation range at a 
glance and quickly define its weak and strong points. 

 

5.3 Limitations of the Performance Assessment Tool 
The proposed assessment tool was designed for the evaluation of power stages of 
different power converter topologies. However, it has some limitations as it does not 
take into account circuit parasitic elements, control system complexity, magnetic 
elements design complexity or dynamic characteristics of the converter. Those 
parameters should also be considered during the assessment for a specific application 
and design limitations, as it was shown in [PAPER-X]. 

 

5.4 Assessment of Proposed Topologies 
The proposed topologies were assessed with a converter assessment tool. As an 
application for the analysis, a LiFePO4 battery energy storage system was used with a 
battery connected to the current-fed port. Converter nominal power was 500 W, output 
voltage 400 V, the input voltage was changing in a range from 20 to 30 V (operation 
range of the 8-cell LiFePO4 battery). As all the converters are bidirectional, they will be 
assessed in both energy transfer directions. To distinguish the test points in different 
energy transfer directions, positive and negative operation power was used. Positive 
power corresponds to the converter input power when the energy is transferred from 
the voltage-fed to the current-fed port (battery charging mode). Negative power 
corresponds to the converter input power when the energy is transferred from the 
current-fed to the voltage-fed port (battery discharge mode).  

Operation range was divided evenly by four power and three voltage levels, as 
shown in Fig. 5.3. 
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Fig. 5.3. Test points distribution over the operation range. 

For clarity, the battery charge and discharge curves are shown in the figure by a red 
line. In the battery, energy storage system charging and discharging can be performed 
at any reasonable power lever below nominal, and not always at maximum power.  
In Fig. 5.3, the nominal charging curve with the current value in the constant current 
charging mode equal to the battery capacity is marked by the symbol “1C”. Charging 
and discharging can occur at each and any power and voltage level combination 
depending on the application. For example, to maximize the usage of renewable 
energy, the battery will be charged at any rate depending on available energy from 
renewable sources and will be discharged at maximum rate to support the local 
microgrid or at low rate during a night to support household equipment. On the other 
hand, when buying and selling energy from the grid, both charge and discharge will take 
place at maximum rate. 

For each converter in each operation point, the cumulative current-voltage stresses 
were measured with the PSIM simulation software. The diagrams produced help to 
compare the static stresses on different components between converters in both 
forward (discharging) and reverse (charging) operation modes. 

Comparison of cumulative CF transistors loading conditions (VSpNISpN) is shown in  
Fig. 5.4. It is seen that AUX-SMC and A-SMC topologies have an advantage over other 
topologies across the whole range, except for low power; this advantage is explained by 
the lower number of switches in those topologies. For the A-SMC topology, increased 
stress at low power is explained by the form of current through top transistor peak 
value that is independent of the power (peak value is the same for high and low power). 
Increased stress in the AUX-SMC topology is explained by the limitations in the 
modulation sequence explained earlier in this chapter. High input loading conditions of 
the FB-SMC topology are explained by the high number of switches in it, so even with 
decreased transistors, current stress multiplied by the number of switches gives a 
relatively high cumulative loading-condition value. SiPP-SMC and DiPP-SMC, on the 
other hand, both have two times lower number of switches than FB-SMC, but the 
voltage stress across transistors is two times higher; so the cumulative CF transistors 
loading-conditions are on the same level across the whole operation region in both 
transfer directions. 
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a) b)  
Fig. 5.4. Loading conditions of CF transistors in forward a) and reverse b) operation 
modes. 

Loading conditions (VSsNISsN) of the VF transistors (Fig. 5.5) of FB-SMC, AUX-SMC, and 
A-SMC topologies have approximately equal VF transistors loading conditions. On the 
other hand, SiPP-SMC and DiPP-SMC have higher VF transistors loading-conditions due 
to the use of the reactive energy for regulation that causes increased RMS current 
through VF transistors. It becomes even more obvious at low power when the reactive 
energy transfer interval is longest.  

Transformer loading conditions (VTXpNITXpN) are shown in Fig. 5.6. A-SMC has 
transformer loading conditions slightly higher than in FB-SMC, and the difference 
increases towards low power because the VF transistors current spike during the 
reactive energy transfer interval (Fig. 3.7. t5-6) becomes relatively higher than average 
current. AUX-SMC has the same value as FB-SMC in the forward operation mode but 
much higher in reverse, this is due to the different control principle in the reverse mode 
[PAPER-IV]. The best topology regarding transformer-loading conditions is the  
DiPP-SMC, it is only lagging at low power due to the increased reactive energy 
circulation. 

As mentioned in Chapter II, in topology selection, many parameters should be 
considered. No universal guidelines are available on how to treat these parameters or 
how to define with one parameter that has higher priority because it is highly 
dependent on the specific application. Some of these general properties of the 
presented topologies are shown in Table 5.1. 
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a) b)  
Fig. 5.5. Loading conditions of VF transistors in boost a) and buck b) operation modes. 
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a) b)  
Fig. 5.6. Loading conditions of a transformer in boost (a) and buck (b) operation modes. 

For comparison of the assessment tool and the experimental results, the efficiency 
values are plotted in Fig. 5.7 for the discharge mode and in Fig. 5.8 for the charge mode 
in the same style as loading-conditions. Distribution of the operation points is shown in 
Fig. 5.3. 
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TABLE 5.1. GENERAL PROPERTIES OF SELECTED SNUBBERLESS CONVERTERS 

Topology 
2Q 

Switches 
4Q(RB)* 
switches 

Control 
signals 
count 

Ref. 
Soft-Switching 

range 
Transformer 
turns ratio 

FB-SMC 2 4 10(6*) II normal 
2

out

in

V
V  

AUX-SMC 4 1 8 IV limited 
2

out

in

V
V  

A-SMC 4 2 8(6*) IX extended 
2

out

in

V
V  

SiPP-SMC 2 2 6(4*) V normal 
dual, 2

out

in

V
V  

DiPP-
SMC 

2 2 6(4*) VI extended 
4

out

in

V
V  

Flyback-
SMC 

2 2 6(4*) XI normal 
4

out

in

V
V  

* switches used are depending on application requirements 
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Fig. 5.7. Comparison of efficiency in the discharge mode. 
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Fig. 5.8. Comparison of efficiency in the charge mode. 

After the data analysis, it is clear that the DiPP-SMC topology has the highest 
efficiency at the power levels above 50% of the nominal while at lower power, FB-SMC 
takes the lead. It correlates with significantly lower transformer loading conditions in 
DiPP-SMC at high power (Fig.3.18).  

Loading conditions of the transformer are increasing rapidly in the text points X, XI 
and XII in A-SMC because of the increased RMS-value of the transformer current due to 
the current spike described in Chapter 3. Increased transformer loading in DiPP-SMC in 
those points is explained by the increased circulation due to the voltage regulation 
principle used. Experimental results show that at lower power level, the impact of the 
loading conditions of the transformer is more significant than the loading conditions of 
the switches for soft-switching SMC topologies. 

Efficiency curves of the power stage correlate perfectly with  the loading conditions 
of the VF transistors (Fig. 3.17); the lower the loading-conditions, the higher the 
efficiency. 

 

5.5 Summary of Chapter 5  

The assessment tool proposed takes into account stresses on all key parts of the power 
converter and can be used as a universal tool for the evaluation of power converter 
topologies. Despite having certain limitations, it can be used to assess the performance 
across the operation range in the most probable operation points. Due to the intuitive 
graphical representation of the results, it is useful for a quick generalized comparison 
and can be used as one of the steps in the choice of the most suitable solution for a 
target application.  
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Experimentally measured efficiency curves and results of the theoretical assessment 
tool are in good correlation. This correlation proves the efficacy of the proposed 
assessment tool for benchmarking of SS CF converters topologies. 

According to the assessment tool, there is no superior topology in all aspects, but it 
is expected that A-SMC will have better power stage efficiency as it has lower 
semiconductors loading condition. Also, the DiPP-SMC topology is competitive with 
full-bridge based topologies because of reduced switch count and smaller transformer 
and loading conditions of it. 
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6 Conclusions and Future Work 
6.1 Conclusions 
The results of this PhD thesis fully satisfy the aims and prove the hypothesis advanced 
by the author. 

Substantial work was performed towards the synthesis of new CF PS-SMC topologies 
in order to show the versatility of this type of voltage clamping, Within this research 
work, the author has shown that the proposed clamping method could be utilized not 
only in full-bridge but also in other switching stages, like half-bridge,  push-pull, and 
flyback. 

However, it should be noted that on the current level of semiconductor technology, 
no commercial single-die four-quadrant switches are available. Their implementation 
requires a series connection of two transistors that inevitably leads to increased 
conduction losses and an increased number of control signals. This may decrease the 
attraction of the full-bridge variants of the proposed PS-SMC for industrial applications. 
The paper [PAPER-X] shows a comparison of the proposed full-bridge converter to 
existing topologies with other types of voltage clamping. Moreover, it was shown that 
even despite a higher number of switches, proposed topology could compete 
performance-wise with existing solutions. 

The FC PS-SMC topologies were justified as an effective approach to clamping 
inductive voltage overshoots while providing high efficiency and flexibility regarding 
applications due to a variety of switching stage configuration. 

As the main results of this thesis, the author claims the following: 

 Two variants of PS-SMC topologies with the FB CF switching stage with reduced 
switches count were described. It was experimentally proven that they have all 
the features of the reference topology and comparable efficiency that is 
slightly higher at full load and slightly lower during partial load operation as 
compared to the reference FB PS-SMC topology. 

 Three PS-SMC topologies with reduced switches count were synthesized  
(SIPP-SMC, DIPP-SMC, FBK-SMC). 

 It was theoretically shown and experimentally verified that PS-SMC  topologies 
with reduced switches count preserve advantages of FB PS-SMC, such as 
bidirectional operation, inductive voltage overshoots clamping and  
soft-switching of all transistors in a wide operation range regarding load and 
voltage regulation. 

 Benchmark methodology was developed for the assessment and comparison 
of soft-switching DC-DC converters for a specific application. 

Taking into account theoretical and practical results obtained by the author, it can 
be concluded that DC-DC PS-SMC topologies can beat existing voltage-fed solutions 
regarding performance and features in renewable energy and zero-energy building 
applications. 
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6.2 Future Work 
This research work has raised a few questions about PS-SMC. 

The most critical one is the application of A-SMC topology in a single stage DC-AC 
battery storage system with the CF-side facing the AC-grid. As was shown, A-SMC is a FB 
based topology capable of soft-switching and clamping in a wide-range starting 
from zero power. At this moment, the limiting factor is that it requires 2 two-quadrant 
and 2 four-quadrant switches at the CF-side but the position of those switches is 
changing depending on the grid voltage polarity, so  only four-quadrant switches are 
appropriate. This can be solved by switching the altering switching stage to 
accommodate a central-tapped transformer and a modified modulation sequence. 

Another research task is the development of alternative control methods that will 
allow us to decrease the number of switching transistors, widen the operation range 
towards low-power range and get higher part-load efficiency. For example, this work 
has already started with A-SMC shown in [PAPER-VIII] that presents a fusion of  
PWM-SMC and PS-SMC clamping methods. 

A further question is the extension of the converter regulation range by topology 
morphing and multi-mode control at various power/voltage levels to achieve the best 
performance. The proposed converters allow us to achieve this, as some of them are 
sharing common elements of the switching stage structure. For example, FB-SMC  
(Fig. 3.1) can be controlled as A-SMC (Fig. 3.6) with two transistors constantly 
conducting by those extending FB-SMC operation range towards a low power region. 
Moreover,  at low voltage, on the CF port FB-SMC can be reconfigured to FBK-SMC  
(Fig. 3.12) with one of the top four-quadrant switches constantly conducting and 
another constantly blocking the current. As a result, higher step-up factor and 
minimized number of actively switching semiconductors can be achieved. The topic of 
the research, in this case, is the determination of conditions for the operation mode 
switching of the topology and smooth transition in the control system [47]. As a special 
case of reconfiguration of the power converter topology, the fault-tolerant operation 
can be considered. For example, at failure (either short-circuit or open-circuit) of one or 
few semiconductors in the FB-SMC topology, it can still operate as A-SMC, FBK-SMC or 
in extreme cases, as PWM-SMC or partially hard-switching converter topology, at a cost 
of decreased efficiency and functionality in some cases. Important tasks for this 
research are to determine faulty transistors and to adjust appropriate autonomous 
modulation sequence by the converter control system. 

Finally, it is required to address the synthesis of interleaved and multi-phase PS-SMC 
topologies for improved power for high power applications. A similar study was already 
carried out by the author in [48]-[50] for FB-SMC topology, but additional research for 
topologies with a reduced number of switches is needed. 
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Abstract 

Bidirectional Isolated Current-Fed Soft-Switching Secondary-
Modulated DC-DC Converters 
There are two main types of well-established industry-accepted DC-DC converters. A 
voltage-fed converter is a conventional approach for power conversion in a broad range 
of applications. Limited use of GI CF converters can be explained by their drawbacks, 
which  the VF converters lack, such as the requirement of additional circuits for the 
inductive voltage overshoots clamping. 

Numerous recent studies have focused on the development of the soft-switching CF 
converter topologies that have led to the development of various clamping techniques 
using auxiliary networks or circuits as well as clampless solutions. At the same time, 
there is a limited number of current-fed topologies with bidirectional functionality that 
preserve soft-switching operation and the same high level of efficiency in both energy 
transfer directions. 

Snubberless voltage clamping methods for the bidirectional CF converters are the 
topic of current interest. The existing clamping methods were studied and classified. 
State-of-the-art topologies representing each group of SMCs were compared regarding 
design complexity and current stresses. 

The aim of the doctoral thesis is to study bidirectional soft-switching DC-DC 
converters that accommodate snubberless clamping methods. Special attention was 
paid to the development of the topologies with a reduced number of switches. Five 
novel SMC topologies were proposed, analyzed and experimentally verified. 

A universal assessment tool for application-oriented power converter topologies 
was developed. The assessment tool was used for comparison of all proposed 
topologies with a reference FB-SMC based on the simulation data. By the results of this 
comparison, DiPP-SMC and A-SMC topologies were selected for implementation as a 
front-end converter for the battery energy storage industrial prototype. Experimental 
data on the industrial prototype performance have proven the reliability of the 
proposed assessment tool. 

This work also has a substantial practical value, as the application-oriented design of 
the proposed DIPP-SMC and A-SMC topologies for battery energy storage system was 
carried out and three industrial prototypes were built. 

The theoretical and practical results of the work are a substantial contribution in the 
field of the bidirectional isolated soft-switching DC-DC converters. The proposed 
assessment tool is not limited to current-fed converters and can be used for a selection 
of the most suitable power converter topology for a specific application. Practical 
results obtained by the author show the benefits of the PS-SMCs topologies and 
increase industrial awareness and attraction of the isolated CF DC-DC converters. 
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Kokkuvõte 

Isoleeritud kahesuunalised voolutoitelised pehmelülituse ja 
sekundaarmodulatsiooniga alalisvoolumuundurid 
Tööstuses kasutatakse kaht erinevat alalispingemuunduri skeemilahendust. 
Pingetoiteline alalispingemuundur on tavapäraseks lahenduseks suures hulgas 
praktilistes lahendustes. Voolutoitelisi alalispingemuundureid kasutatakse samas 
oluliselt vähem. See on seletatav lisanõudmistega voolutoitelistele 
jõupooljuhtmuunduritele, nagu erilülitused induktiivsuse põhjustatud ülepingete 
neutraliseerimiseks. 

Lähiaastatel on paljud uuringud keskendunud voolutoiteliste jõupooljuhtmuundurite 
pehmelülitusele, nende summutusahelate parendamisele ning üldse ilma 
summutusahelateta voolutoiteliste muundurite skeemilahendustele. Samal ajal on väga 
vähe kahesuunalisi voolutoiteliste muundurite skeemilahendusi, mis kasutaks 
pehmelülitust ning millel oleks sama kõrge kasutegur mõlemasuunalisel energia 
ülekandemisel. 

Antud doktoritöö põhiliseks uurimisallikaks on summutusahelateta ülepingete 
mahasurumise meetodid kahesuunalistes voolutoitelistes alalispingemuundurites. 
Olemasolevaid summutusmeetodeid uuriti ja klassifitseeriti. Igat summutusmeetodit 
kasutavat kaasaegset skeemilahendust analüüsiti ja võrreldi neid omavahel, lähtudes 
skeemi keerukusest ja komponentidele langevatest koormustest. Erilist tähelepanu 
pöörati vähendatud lülituselementide arvuga skeemilahenduste arendamisele. Töös 
pakuti välja viis erinevat skeemilahendust, mida analüüsiti ning mida prooviti ka 
katseliselt järgi.  

Teoreetiliste uuringute kõrval arendati välja rakenduspõhine metodoloogiline 
tööriist jõupooljuhtmuundurite skeemilahenduste hindamiseks, mida kasutati kõigi 
väljapakutud skeemilahenduste simulatsioonipõhisel uurimisel. Uurimistulemuste 
põhjal valiti DiPP-SMC ja A-SMC skeemilahendused energiasalvesti akut teenindava 
muunduri tööstuslike prototüüpide aluseks. Prototüüpide katsetamisel saadud info 
kinnitab arendatud tööriista poolt väljastatud andmete õigsust ja selle kasutatavust. 

Doktoritöö praktilist väärtust tõstavad kolm DiPP-SMC ja A-SMC skeemilahenduse 
põhjal valminud rakenduslikku seadmeprototüüpi. 

Antud töö teoreetilised ja praktilised tulemused annavad märgatava panuse 
kahesuunaliste, isoleeritud ning pehmelülitust kasutavate alalispingemuundurite  
arengusse. Loodud metodoloogilise tööriista kasutusala ei ole piiratud vaid 
voolutoiteliste jõupooljuhtmuundurite skeemilahenduste hindamisega vaid on 
kasutatav kõigile pooljuhtmuunduritele rakenduseks sobivaima skeemilahenduse 
leidmiseks. Doktoritöö praktilised tulemused näitavad PS-SMC skeemilahenduse 
eeliseid ning parendavad valmisolekut voolutoiteliste alalispingemuundurite praktiliseks 
kasutamiseks tööstuses. 
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[PAPER-VII] Kosenko R., Blinov A., Korkh O., Experimental 
Verification of Two-Stage Power Converter With 
Current-Fed Soft-SwitchingFront-End for Battery 
Storage Applications,  EPE'18 ECCE Europe, 2018. 
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[PAPER-VIII] Kosenko R., Blinov A., ChubA., Vinnikov 
D.,    Asymmetric Snubberless Current-Fed Full-
Bridge Isolated DC-DC Converters, Electrical, Control 
and Communication Engineering, 2018. 
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[PAPER-IX] Blinov A., Kosenko R., Chub A., Vinnikov D., 
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[PAPER-X] Blinov A., Kosenko R., Chub A., Vinnikov D., 
Snubberless Boost Full-Bridge Converters: Analysis 
of Soft Switching Performance and Limitations, 
International Journal of Circuit Theory and 
Applications, 2018. 
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[PAPER-XI] Kosenko R., Vinnikov D., Soft-Switching Current-FED 
Flyback Converter with Natural Clamping for Low 
Voltage Battery Energy Storage Applications. 
Technological Innovation for Smart Systems, 1: 
Doctoral Conference on Computing, Electrical and 
Industrial Systems; 03-05 May 2017. Lisbon, 
Portugal. 
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• Research and Development of Advanced Control and Protection 
Algorithms for Photovoltaic Module Integrated Converters  

• Parendatud omadustega impedantsallikaga muundurid  
• Innovatsioon ajalooliste hoonete arukas haldamises (i2MHB)  
• Power Electronic Transformer – an Energy Router for Active Distribution 

Grids 
• Jõuelektroonikal baseeruv energia juhtimissüsteem liginullenergia 

ehitistele 
• TTU Prototron 2016, “AC-battery storage” 
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