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Abbreviations 

ADN  active distribution network 
CCM  continuous conduction mode 
CDR   current doubler rectifier 
CF-DC/DC  current-fed DC/DC 
DAB dual active bridge 
DCM  discontinuous conduction mode 
DG distributed generation 
DHB dual half bridge 
FB  full bridge 
HB half bridge 
HF  high frequency 
HP high power 
HV  high voltage, 100 kV...230 kV (according to ANSI C84.1) 
IGBT  Insulated Gate Bipolar Transistor 
IMM improved modulation method 
LC  circuit consisting of inductance L and capacitance C 
LFT  line frequency transformer 
LLC resonant circuit consisting of two inductors and one capacitor 
LLC-HB HB with and LLC network 
LV  low voltage, below 1 kV (according to ANSI C84.1) 
MF medium frequency 
MOSFET  Metal Oxide Semiconductor Field Effect Transistor 
MV medium voltage, 1 kV…100 kV (according to ANSI C84.1) 
PEBB power electronic building block 
PET  power electronic transformer 
PFC  power factor correction 
PSM  phase shift modulation 
PV photovoltaic 
PWM  pulse width modulation 
qZSI quasi-Z source inverter 
RCD resistor-capacitor-diode snubber 
TR transformer 
VSI  voltage source inverter 
ZCS  zero current switching 
ZV zero voltage 
ZVS  zero voltage switching 
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Symbols 

Ae transformer’s core area 
b boost factor 
BMAX maximal flux density of the transformer 
C    capacitance 
D    duty cycle 
DA   relative duration of the active state 
DA,MAX maximal relative duration of the active state 
DS   relative duration of the shoot-through state 
DS,MAX   maximal relative duration of the shoot-through state 
DZ    relative duration of the zero state 
Dφ    relative duration of the phase shift 
fs    switching frequency 
i(t)  instantaneous current 
Iaux,AV average current through the auxiliary transformer 
IAV    average transformer current during the half switching period 
IC,AV  average collector current of the IGBT 
IC,RMS  RMS value of the IGBT’s collector current 
ID,AV  average value of the diode current 
IIN   input current 
IOUT   output current 
IT6,MAX peak current through transistors T6 (and T8) of the CDR PEBB 
ITaux average auxiliary switch Taux current of the CDR PEBB 
ITR transformer RMS current 
ITx switch current 
IX,VSI current through the corresponding element in the VSI (in p.u.) 
kI current ripple factor ΔI/IAV 
kU voltage ripple factor ΔU/UDC 
L  inductance 
Laux leakage inductance of the TRaux1 and TRaux2 of the CDR PEBB 
LTR equivalent leakage inductance of the transformer 
Naux turn’s ratio of the auxiliary transformers 
Naux,MIN minimum auxiliary transformers turn’s ratio 
NTR   turns ratio of the transformer 
NLV number of turns on the LV side 
NMV number of turns on the MV side 
P active power 
PD    diode conduction losses 
PIGBT    IGBT conduction losses 
PLV  power on the LV port 
PLV,MAX  maximal transferred power in the reverse operating mode 
PMV  power on the MV port 
PSW    switching losses 
R    resistance 
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raux    active resistance of the auxiliary transformer windings 
rC    on-state resistance of the IGBT 
rD    on-state resistance of the freewheeling diode 
rL    active resistance of the filter inductance 
u(t)    instantaneous voltage 
UCE    collector to emitter voltage drop of the IGBT 
UD    voltage drop on the freewheeling diode of the IGBT 
UD,REV,MAX steady state voltage stress on the diodes Daux1 and Daux2 

UDC   voltage on the LV side terminals of the MF transformer 
ULV    low side voltage 
ULV,DC    low side DC-link voltage 
UMV    medium side voltage 
UMV,DC    medium side DC-link voltage 
US1,MAX  blocking voltage over the switch S1 of the qZSI-PEBB 
UTx  steady state voltage on the switch 
UT6,MAX steady state voltage stress on the transistor T6 and T8 of the CDR 
UTaux,MAX maximum voltage stress on the auxiliary switch Taux of the CDR 
UTR,P   voltage on the transformer primary 
UTR,S    voltage on the transformer secondary 
UX,VSI  voltage across the corresponding element of VSI (in p.u.) 
t  time 
tA  duration of the active state 
toff  turn OFF time of the switch 
ton  turn ON time of the switch 
TS   PWM period 
tS    duration of the shoot-through state 
tZ    duration of the zero state 
tφ    duration of the phase-shift 
TRaux1  auxiliary transformer 1 of the bi-directional current doubler 
TRaux2  auxiliary transformer 2 of the bi-directional current doubler 
η    efficiency 
φ    phase shift angle 
Δi peak-to-peak current ripple 
ΔIL inductor current ripple 
ΔiTR peak-to-peak transformer current ripple 
Δu peak-to-peak voltage ripple 
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1 INTRODUCTION 

1.1 Background 

Modern trends in electrical energy technology are characterized by steadily 
growing need for renewable energy sources, energy storage, and smart grid 
technologies. Most widely utilized sources of renewable energy are photovoltaic 
energy, wind energy, tidal energy and hydrogen based fuel cell energy [1]. 
Continuous penetration of renewable energy sources into the distribution grid 
superimposes new challenges to the existing electric power transmission 
systems. This is due to the unpredictable nature of renewable energy resources 
in comparison with the conventional energy system, where the energy 
production and consumption can be predicted and scheduled with tolerable 
deviations. Conventional power system consists of large centralized generators, 
passive transformers, transmission lines, substations and consumers, whereas 
electrical energy flows uni-directionally from the generator’s side to the 
consumers. Today’s line frequency (50 Hz and 60 Hz) AC transmission systems 
use the magnetically coupled transformer concept for voltage elevation, 
transmission over long distances and voltage reduction for residential use. The 
traditional line frequency transformer (LFT) has simple construction, high 
efficiency and reliability and galvanic isolation. In addition, the LFT technology 
has proven itself during the era of industry. During the last decade, the basic 
construction of the LFT has remained the same, but the improved material 
technology allowed higher saturation densities and lower hysteresis losses to be 
achieved, resulting in very efficient transformers. 

However, the growing number of renewable energy sources has resulted in a 
rising number of distributed power plants that are in principle subject to energy 
fluctuations. Therefore, it is essential to build energy storages (e.g. batteries, 
ultra capacitor banks, hydrogen buffer) to the distributed power plants to 
compensate the power demand during the low production periods (e.g. during 
the night for PV systems, silent wind periods for wind turbines). In addition, the 
consumers can supply energy to the grid by means of a local (e.g. roof mounted) 
power plant, regenerative braking of electrical drives and vehicle-to-grid 
systems. Thus, future power generation and distribution is likely to involve a 
substantial amount of the distributed renewable energy sources and micro grids. 
Many distributed generation (DG) sources cannot be connected directly to the 
AC systems, hence they require power electronic interface. To easily connect 
these new energy sources to the grid and improve the power quality by 
harmonic filtering, voltage sag correction, dynamic control of the power flow, a 
new power electronic transformer (PET) is required. 

 
Concept of the Power Electronic Transformer 
PET, also known as a solid state transformer or intelligent transformer, is a new 
type of transformer based on the power electronic converter that aims to better 
voltage regulation, power transmission, isolation and power quality 
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improvement of the grid. The basic idea behind the PET is to use medium 
frequency (f > 1 kHz) instead of low frequency in order to achieve considerably 
higher power density of the magnetic core and reduce its size. Moreover, the 
PET employs “active” control of the electrical energy by continuous monitoring 
and maintaining the desired network conditions. In comparison with the LFT, 
the PET has the following advantages: 
 Bi-directional power flow control: The bi-directional power flow between 

the sources and the loads can be realized by utilizing the active front end 
topologies and the proper control of the active switches. In the electrical 
energy distribution system that incorporates renewable energy sources, 
storage devices and loads, the bi-directional power flow capability is one of 
the most important requirements for the PET. 

 Reduced mass and volumes: As the power throughput density of the 
transformer is inversely proportional to the frequency, increasing the 
frequency allows better utilization of the steel magnetic core and reduction 
in transformer size allowing the high power densities to be achieved in the 
smaller cores. In comparison with the conventional LFT the size reduction 
up to three times is possible [2]. 

 Power quality: The control of the reactive power and power factor 
correction (PFC) has been stated to be one of the most important objectives 
of the PET. PFC circuits can be implemented on the MV and on the LV 
terminals that in turn make the additional capacitor banks for compensating 
reactive power unnecessary [3]. Moreover, the input and output ports of the 
PET are independent of each other, thus the quality of the output voltage is 
immune against the harmonics on the input side. The filtering is done by 
using the energy stored in the DC-link capacitors and active control [4]. 

 Protection against distortions: In order to achieve seamless operation of 
the network the adaptive control systems that can react on different fault 
conditions in the network are required. In the PET such voltage distortions 
like voltage sag, surge on the MV side are not reflected on the low voltage 
side of the transformer and vice versa. Such ride-through capability is 
achieved by the active control of the switches and presence of the storage 
elements (capacitors) in the DC-link of the PET. 

 Environmental safety: The cooling mineral oil of the LFT poses a risk to 
the environment due to its toxic contents. The tendency is to avoid the oil in 
the cooling of the PET, instead the air-cooling can be successfully utilized. 
Thus the danger of oil pollution will be eliminated and the need for special 
oil-baths under the substations will be excluded. 

 Smart grid ready: The PET is mainly aimed to operate first of all in the 
active distribution networks, where the „passive“ control of the energy flow 
will be improved by adding innovative devices with sophisticated control 
features to the grid. The PET can be equipped with an advanced 
communication interface that includes smart metering, diagnostics, fault 
tracing, protection and distance control features. Advanced measurements 
are necessary for data acquisition to achieve a higher degree of the network 
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automation and more deterministic system control [5]. Such features would 
for example make the PET react on the LV side short circuit by turning off 
one phase or the whole device and also continue normal operation on the LV 
side in case of blackout on the MV side. 

The PET can replace the LFT in the future active distribution networks (ADN-
s), such as smart-grid and microgrid, where the bi-directional power flow and 
flexible control functions are required. The list of the most important 
requirements that the PET has to correspond to is presented in [PAPER-I]. The 
ADN-s operate at the MV level, hence the PET must be adaptable to the 
existing voltage levels that can range from 0.4 kV to 35 kV worldwide. In 
addition, the efficiency of the PET must be comparable with the efficiency of 
the LFT. The US Department of Energy has released the standard for liquid and 
dry type distribution transformers, effective since 2010 [6]. The standard 
defines the minimum efficiency of the LFT to be higher than 97 % irrespective 
of the power rating, however, the standard value approaches 99.5 % for most 
liquid-immersed power transformers. According to the literature the target 
efficiency for the PET is 96…98 % depending on the power rating [7]. 

 
PET in Future Active Distribution Networks 
The aim of the ADN-s is to provide a flexible infrastructure allowing novel 
distribution and transmission networks to withstand demands that will be placed 
on them by penetration of the novel generation types, increasing energy 
demand, harnessing the renewable energy potential and supporting the low-
carbon energy systems in an environmentally acceptable manner [5]. A 
schematic of a semi-autonomous ADN that can separate itself from the main 
grid and operate in islanding mode is shown in Figure 1.1. In comparison with 
the traditional passive networks that have limited control of the parameters, low 
penetration of the renewables and poor monitoring, the ADN-s are aimed to 
have sophisticated control of power quality and power flow direction between 
the power plants, loads and DG-s attached to the distribution level, with 
continuous network condition monitoring. The ADN-s consist of the national 
grid, distributed power generating units and different loads that are 
interconnected into one system. 

The role of the PET in such systems is to act as an interface between the 
power grid and loads. It can be regarded as an energy router [8], [9] that can 
supply the energy during the power down of the main grid (islanding mode) or 
compensate the power during the higher demand periods. An additional storage 
that is attached to the PET reduces the influence of the unpredictable power 
generation on the grid. In such a way, the consumers are protected against the 
disturbances in the power grid and at the same time the reactive power 
generated by the loads would not penetrate into the power grid [1]. As a result 
the operation of the distribution system would be more stable and efficient. 
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Figure 1.1. A schematic of a semi-autonomous ADN. 
 

Challenges of the Isolation Stage 
The topologies of the PET can be classified according to the number of power 
conversion stages (see chapter 2.1). The three-stage topology, where the 
isolation stage represents a high frequency isolated DC/DC converter, is the 
most advantageous among others. The isolation stage provides the voltage 
conversion and galvanic isolation between the MV and LV ports. The isolation 
stage can be divided into two logical entities on the MV and on the LV ports of 
the transformer, which can be seen as power electronic building blocks (PEBB). 
The PEBB is a standardized module that allows rapid configuration of power 
converters to meet specific customer needs, including: AC-DC conversion, DC-
AC conversion, frequency changers and/or DC-DC voltage changers [10]. 

Due to the presence of the transformer, the isolation stage has great impact 
on the weight and the volumes of the PET and eventually on the whole 
distribution system. In order to achieve high power density (and significant 
mass reduction compared with the LFT), semiconductors must have the ability 
to be switched under high switching frequency while maintaining reliable 
operation under high voltage and high current conditions. The efficiency of the 
isolation stage depends on the losses in the components. Most crucial of the 
losses are the conduction, switching and core losses. Research in [1], [11] 
focused on the analysis of the conduction, the switching and the core losses in 
the different parts of the PET. According to the research in [11], the losses in 
the two-level rectifier based isolation stage can comprise 68 % of the total 
losses. 

It can be concluded that the isolation stage will determine the volumes and 
efficiency of the PET and will play a key role in the power conversion. Thus, 
investigation of the isolation stage and improvement of the power conversion 
characteristics are very important and challenging tasks. By investigating the 
new topologies, such features like the losses, current and voltage stress, the 
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dynamic behavior and flexibility of the isolation stage can improve the 
bottlenecks of the existing DC/DC converters. The investigation and 
development of the DC/DC converter topologies for the performance 
optimization is the major task of the thesis. 

 
1.2 Main Hypotheses and Objectives of the Thesis  

The PET presents a new type of transformer that is based on power electronics. 
It provides a flexible alternative for the traditional LFT in the future ADN-s, 
where it acts as an energy router. However, the technology faces numerous 
challenges that need to be solved before the PET can be integrated into the 
future ADN. The main purpose of the research is to locate the challenges of the 
commonly used DC/DC converters and synthesize new medium-frequency 
isolated DC/DC converter topologies for the isolation stage of the PET. The 
topologies are to be analyzed mathematically and validated with simulations 
and experiments. 
 
The Main Hypothesis of the Research 
A three-stage topology is considered to be one of the most advantageous 
topologies for the power electronic transformer. The isolation stage of the three-
stage topology is the most critical part of the power electronic transformer 
considering the wide voltage and power regulation capabilities and the 
efficiency. By adding new power electronic building blocks to the isolation 
stage, the power and voltage regulation ranges can be extended. Moreover, the 
voltage and current stress on the components can be reduced. 
 
The Main Objectives of the Thesis 
 to analyze and classify the current state-of-the-art technologies and 

development trends of the power electronic transformer concept; 
 to analyze the current state-of-the-art technologies and development trends 

of the isolated bi-directional high frequency DC/DC converters; 
 to identify weaknesses of conventional topologies of the isolation stage and 

propose new power electronic building blocks for the LV side of the 
isolation stage; 

 to perform the comparative analysis between the traditional approach and the 
proposed power electronic building blocks; 

 to define directions for the future research based on the challenges obtained 
from the comparative analysis. 

 

1.3 Contribution of the Thesis and Dissemination 

The doctoral thesis is based on the 8 published articles and conference papers 
composed by the author of the thesis. The study was carried out during the years 
2009 – 2013 at Tallinn University of Technology in Tallinn, Estonia. The study 
was a part of the following projects: Optimal energy conversion and control in 
smart and microgrids, Intelligent Transformer – Analysis of Operating Modes 



16 

(ETF8687), New Converter Topologies and Control Methods for Electronic 
Power Distribution Networks (SF0140016s11). The originality of the thesis lies 
in the scientific and practical novelties described further. 
 
Scientific Novelty 
Scientific novelty of the doctoral thesis includes: 
 classification and analysis of the current state-of-the-art technologies and 

development trends of the power electronic transformer and bi-directional 
isolated high frequency DC/DC converters; 

 proposal of new power electronic building blocks, such as a current doubler 
rectifier with bi-directional power flow capability, a quasi-Z source inverter 
and a current-fed DC/DC converter with an active clamp, for the isolation 
stage of the power electronic transformer; 

 derivation of the mathematical models and assessment of the component 
losses on the efficiency of the proposed power electronic building blocks. 

 
Practical Novelty 
The practical novelty of the doctoral thesis includes: 
 improved modulation method for the qZSI and current-fed DC/DC converter 

with an active clamp to increase the voltage and power regulation range; 
 experimental investigation of the proposed power electronic building blocks 

regarding their impact on the component voltage and current stresses; 
 design guidelines for the proposed PEBB-s. 
 
Dissemination of the Results 
The results of the doctoral thesis have been presented by the author at 11 
international conferences. The author has published 10 international scientific 
papers directly associated with the thesis. Three of them are available in the 
IEEE database and two have been published in the international peer-reviewed 
journals. 
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2 TECHNOLOGICAL OVERVIEW 

2.1 Topologies of the PET  

A technological overview of the topologies for the PET and their classification 
is presented in [PAPER-I] and [PAPER-II]. Numerous topologies for the PET 
have been proposed by different authors. However, many of the proposed 
topologies do not support the bi-directional power flow that is a major 
requirement for the PET in the ADN. Other important requirements comprise 
galvanic isolation and capability of interconnecting renewable energy sources 
and energy storage devices. The PET topologies can be classified according to 
the number of power conversion stages [12], [13] as depicted in Figure 2.1. 
 

 
 

Figure 2.1. Classification of the PET topologies based  
on the number of stages. 

 
Single-stage PET structure comprises direct AC-AC conversion from low 
voltage (LV) AC to medium voltage (MV) AC and vice versa [14]. The block 
diagram of a single stage topology of the PET is shown in Figure 2.2. Typically, 
such topologies are based on different matrix converter [15]-[17] and 
cycloconverter [18] topologies. Although this is the most straightforward 
approach to AC-AC power conversion, including such benefits as low weight 
and low cost, it is problematic, since each switch must be able to block full 
primary voltage and also be capable of conducting full secondary current [19]. 
Lack of the DC-link in the single stage topologies is a major drawback because 
integration of the storage elements and power factor correction circuit require 
additional devices that will result in increased complexity, size and cost of the 
system. In addition, this single-stage topology is sensitive to the distortions, 
since disturbances on one side of the converter may also reflect to the other side 
[2]. 
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Figure 2.2. Single-stage topology ofthe PET. 
 

The two-stage topologies can be subdivided into topologies with LV DC-link 
[20] - [23] and MV DC-link [24], [25] as shown in Figure 2.3. Here the low 
frequency AC is directly converted to the high frequency AC and rectified back 
to DC on the transformer secondary. Then it is converted to 50 Hz output 
voltage using a PWM inverter. The switches on the AC-AC side must be four-
quadrant to withstand bi-polar voltages and currents. This topology has some 
notable disadvantages. First, the reactive power compensation feature in the 
two-stage topology with LV DC-link is complicated on the MV side and 
requires additional circuitry that results in a higher cost. Moreover, the energy 
sources cannot be connected directly to the PET due to lack of the MV DC-link. 
Second, the two-stage topology with MV DC-link lacks the possibility of 
interconnecting the storage elements directly to the PET. 
 

 
a) 

 
b) 
 

Figure 2.3. Two stage topologies of PET: a) with LV DC-link; b) with MV  
DC-link. 

 
The three-stage topology is the most preferred and investigated PET topology 
today, since various converter topologies can be chosen for the different power 
conversion stages that give a wide playground for the performance optimization 
of the PET [1], [12], [19], [26] - [35]. The three-stage topology of the PET is 
shown in Figure 2.4. It consists of three power conversion stages: the input 
stage, the isolation stage and the output stage. The input stage is an active front 
end rectifier that rectifies the MV AC to the MV DC voltage. In the isolation 
stage the DC-DC conversion takes place by converting MV DC voltage into 
high frequency square-wave AC voltage and is transferred to the MF 
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transformer, where the voltage level is reduced and rectified again on the LV 
DC side, forming this way a LV DC-link. Finally, the LV DC is converted back 
to 50 Hz AC voltage by means of the inverter in the output stage. The three-
stage PET topology has a bi-directional power flow capability, thus the power 
can be transferred from the LV port towards the MV port. 

 

 
 

Figure 2.4. Three-stage topology of the PET. 
 

Presence of two different voltage level DC-links allows interconnecting the 
energy storage devices and the renewable energy sources into one system. 
Integration of power-factor-correction, sag compensation and isolated DC-DC 
converters can decrease the losses and consequently improve the efficiency. For 
these reasons, the three-stage topology seems to be the most advantageous 
among the other topologies. Though, a high switch count is the major drawback 
of this topology due to increased conduction and switching losses. However, the 
losses can be reduced by use of the new-generation SiC or GaN based switches 
and different control techniques that enable the zero voltage switching (ZVS) 
and/or zero current switching (ZCS) to be achieved. 

 
2.2 Topologies for the Isolation Stage 

In order to meet the demands of medium voltage and high power capability for 
the distribution network, two different trends can be seen in the industry and 
power electronics communities. One way is development of the new 
semiconductors with higher nominal voltage and current ratings and their 
integration into existing two-level converter topologies using the series/parallel 
connections. Second is the development of the new multi-level converter 
topologies by using the conventional semiconductors [36] - [38]. 

Series connection of the power switches with high voltage and current 
ratings can inherit the benefits of well-known control methods. However, these 
devices are more expensive and they still do not meet the voltage rating 
requirements set by the future distribution systems. The research in [38] showed 
that series connection of the MOSFETs and IGBTs may result in unsymmetrical 
voltage sharing between the switches due to unequal parameters of the switches 
(leakage current, switching delays, collector-to-emitter capacitance). Therefore 
additional methods for voltage-balancing are needed to prevent the failures 
caused by the transients and static phases. The failure in one element will cause 
a failure of the entire converter that will result in low reliability [39]. 
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Multi-level MV DC/DC topologies 
The MV multi-level DC/DC converters use conventional power switches but 
have a complex structure and control in comparison with the two level 
converters. They consist of arrays of power switches, diodes and capacitive 
voltage sources. Correct combination allows the multi-level voltage waveforms 
to be generated, while maintaining the equal voltage sharing between the 
switches [39]. Thus a multi-level converter topology is suitable for the MV side 
to clamp the voltage across each switch that in turn reduces the required switch 
blocking voltage. Among several multi-level configurations the cascaded, diode 
clamped and flying capacitors are best known [39] - [44]. The proposed three-
level topologies are shown in Figure 2.5. The key components of the diode 
clamped three-level converter are the diodes D1 and D2 that are used to clamp 
the voltage across each switch to only half the DC bus voltage. The flying 
capacitor converter works in a similar way as the diode clamped converter, 
however the voltage across the switches is clamped by clamping capacitor C3. 
 

   
a)      b) 

 
Figure 2.5. Multi-level topologies for the MV side of the isolation stage:  
a) diode clamped converter; b) capacitor clamped converter. 

 
The multi-level topology combines some serious disadvantages like increased 
number of components, decreased long-term reliability, increased complexity of 
control and protection circuits, increased dimensions and weight of the 
converter [45]. As the reliability is one of the most critical requirements for the 
PET, the cascaded two-level converter design seems to be a more optimal 
solution for the PET in comparison with the multi-level converter topologies. 

 
Modular structure based DC/DC converters 
The modular structure based DC/DC converters are composed of well-known 
topologies and available semiconductors. They usually consist of the series 
connection of the converter cells on the MV side and parallel connection on the 
LV side as shown in Figure 2.6. The series connection on the MV side allows 
the voltage to be shared between the switches. Parallel connection on the LV 
side allows high current to be shared between the switches. As can be seen, each 
cell handles only part of the total input power. That in turn allows to select the 
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power switches with lower voltage ratings and thus lower conduction losses and 
also increase the switching frequency [39], [46]. Lower losses improve the 
overall efficiency of the converter while increased switching frequency allows 
the volumes of the MF transformer core to be reduced. Due to higher efficiency, 
reduced volumes, mass and eventually cost, such type of converters are the 
optimal for the PET. 
 

 
 

Figure 2.6. Block diagram of the modular series-input-parallel- 
output design. 

 
Topologies for the Modular Design Based DC/DC Converters 
Numerous isolated DC/DC converter topologies have been proposed by 
different authors [47] - [54], however many of them lack the bi-directional 
power flow and ZVS capabilities. Among them the phase-shifted dual active 
half bridge (DHB) and dual active bridge (DAB) meet most of the requirements 
of the PET concerning the bi-directional power flow and ZVS capabilities, thus 
making them interesting research objects. Compared to the traditional hard-
switched PWM converters, the phase-shift-controlled converters usually have 
higher circulating current and higher conduction losses. However, as the 
switching frequency increases, the loss reduction caused by soft-switching 
overweighs the conduction losses and thus the overall efficiency improves. 

A DHB is a widely used converter in the high power applications. For the 
isolation stage of the PET it was proposed in [39], [55]. The circuit of the DHB 
shown in Figure 2.7 consists of the two half-bridges (HB) that are connected by 
means of the HF transformer. Besides small number of the switching devices, 
simple power stage design and simple control system, a small core loss of the 
transformer can be achieved. In addition, the DHB results in a more economical 
implementation than the FB based DC/DC converters. However, the splitting 
capacitors have to carry all transformer currents and capacitors with higher VA 
rating are required. Moreover, the total switch conduction losses in the DHB 
can be twice as high as in the DAB for the same power level due to the higher 
magnitudes of current (almost double) through the switches [39]. 
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Figure 2.7. Schematic of the dual half bridge circuit. 
 

In [57] the 1.2 MW PET for the traction applications with single phase 15 kV 
input and 1.5 kV DC output voltages is presented. The isolation stage of the 
given PET consists of the half bridge LLC isolated resonant circuit topology 
and a MF transformer as shown in Figure 2.8. By involvement of the 
magnetizing inductance and the leakage inductance of the MF transformer, the 
LLC circuit allows the zero voltage turn-on and effective turn-off (with 
significantly smaller current) of the 6.5kV IGBTs to be achieved. 

 

 
 

Figure 2.8. Schematic of a half-bridge LLC DC/DC converter topology used  
in the PET of the traction system. 

 
The most widely proposed topology for the future MV DC-DC converters is the 
DAB [59] - [64]. A DAB based PET prototypes have already been built for 
7.2/0.24 kV and 20 kVA power ratings [65], [66]. Some advantages of the DAB 
converter are: voltage stress across each switch is limited by the DC bus voltage 
level, ZVS can be achieved without additional circuitry, simple structure of the 
transformer, fast dynamic behavior due to lack of passive components, and 
various possible control algorithms [39]. For these reasons the DAB is selected 
as a reference topology for the further investigations. 

 
Dual Active Bridge 
The circuit of the DAB is shown in the Figure 2.9. It consists of two 
simultaneously controlled voltage source inverters (VSI) and a HF transformer 
between them. For proper output power control, the DAB requires a relatively 
large series inductor LTR, in order to create voltage difference between the 
voltages on the LV and MV sides of the transformer. As the PET is aimed to be 
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used in HP and MV applications, the natural stray inductance of the HP 
transformers is typically sufficient [68]. 

Research in [68] has analyzed three different modulation methods for the 
DAB: i) rectangular modulation mode, with duty cycles D = 0.5 ii) triangular 
current mode, iii) trapezoidal current mode. Triangular modulation allows the 
lowest switching losses to be achieved. Trapezoidal modulation allows higher 
power to be transferred in comparison with the triangular modulation [68], [69]. 
With rectangular modulation the highest power transfer can be achieved, thus 
the rectangular modulation method was selected as a control method of the 
DAB for the further investigations. 

With rectangular modulation method, the magnitude and the direction of 
power can be controlled by means of the phase shift angle φ between the gate 
signals of both VSI-s. The value of the phase angle determines the magnitude of 
the transferred power, whereas the sign of the phase angle determines the power 
flow direction. In addition, the phase shift technique allows ZVS to be 
effectively achieved over a wide load range, reducing this way the switching 
losses. However, using the large phase shift values can result in a high reactive 
power content that in turn reduces the efficiency of the converter. In [68] the 
dependency between the phase angle, the active and reactive power is shown. 
The suggested control range of the phase angle varies between 45°...60° [70]. 
The gate signals, typical waveforms and operation description of the DAB are 
presented in [PAPER-VI] and [PAPER-VII]. 

 

 
 

Figure 2.9. Schematic of the DAB. 
 
The power delivered from one port to the other can be determined by knowing 
the transformer turn’s ratio NTR, the voltages on MV and LV side, UMV and ULV 
respectively, switching frequency fS and the leakage inductance of the 
transformer LTR, in the following way: 
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where Dφ is the duration of the phase shift tφ between the gate signals of the 
corresponding legs of the DAB. The best performance of the DAB is achieved 
when the voltage on the transformer LV side and the reflected MV side voltages 
are equal. 
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In such case the current stress on the devices is minimal and soft switching can 
be effectively achieved that results in higher efficiency and reduced component 
ratings. However, the DAB lacks the voltage boost properties and under 
realistic conditions the voltages variations on MV and especially on LV cannot 
be compensated. That in turn results in increased transformer ITR and the 
capacitor IC1, IC2 RMS currents and lower efficiency [60]. These factors have 
been a serious drawback of the DAB that could be solved by introducing new 
PEBB-s for the LV side of the DAB. 
 
2.3 Summary 

The three-stage topology of the PET is the most advantageous among the single 
and the two-stage topologies. That is due to the presence of two DC-links with 
different voltage levels that allow the energy sources and storage devices to be 
interconnected into one system and power factor correction circuits to be 
integrated on the MV and LV side. In order for switches to operate on the MV 
side, the voltage stress on the switches must be reduced by employing the multi-
level converter topologies, connecting the switches in series or using the 
modular design of the converter cells, where total input power is shared 
between different cells. The DHB and DAB are widely used two port topologies 
that can be connected into a modular structure to reduce the component ratings. 
The advantages of the DAB for HP applications overweight the DHB. The 
phase shift modulation allows to control the power range of the DAB in a wide 
range in both directions. However, the DAB lacks the voltage regulation 
capabilities that results in increased component stress values under varying LV 
side voltage level. These problems can be solved by introducing the new PEBB-
s for the isolation stage of the PET. 
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3 NEW POWER ELECTRONIC BUILDING BLOCKS 
FOR THE ISOLATION STAGE 

Previous chapter reviewed technologies suitable for DC/DC converters for the 
isolation stage of the three-stage PET. It turned out, that a major drawback of 
the DAB is lack of voltage compensation capabilities. This chapter focuses on 
the elimination of this problem. The isolation stage of the PET can be 
represented by the PEBB-s, as shown in Figure 3.1. The MV side converter 
consists of the traditional voltage source inverter (VSI) PEBB. Three new 
PEBB-s for the LV side of the isolation stage are proposed in this section. 
 

 
 

Figure 3.1. Representation of the isolation stage by using the PEBB-s. 
 
The most important requirements for the isolation stage are the bi-directional 
power flow control and galvanic isolation by means of the MF transformer. The 
new PEBB-s should have improved shoot-through immunity, reduced current 
and voltage stress on the components and fairly good efficiency in comparison 
with the conventional VSI. Following new PEBB-s are proposed for the LV 
side of the isolation stage: 
 CDR PEBB: current doubler rectifier (CDR) with bi-directional power flow 

capability; 
 qZSI PEBB: quasi-Z-source inverter (qZSI); 
 CF-DC/DC PEBB: current-fed DC/DC converter with an active clamp. 

The isolation stage with the proposed PEBB-s allows the power to be 
transferred in two directions, in the forward and in the reverse operating mode. 
In the forward operating mode, the energy is transferred from the MV port 
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towards the LV port. In the reverse operating mode, the energy is transferred 
from the LV port towards the MV port. 
 
3.1 Improved Modulation Method 

In order to perform comprehensive comparison between the DAB and the 
proposed PEBB-s the modulation method must provide simultaneous control of 
the switches on both sides of the transformer. The conventional rectangular 
modulation can be used in the forward operating mode, however in the reverse 
operating mode, if voltage regulation is necessary, the improved modulation 
method (IMM) is used to control the voltage and power level simultaneously 
[60]. The typical waveforms of the IMM are shown in Figure 3.2a, and the 
equivalent circuit in Figure 3.2b.  
 

a) 

 
b) 

   
c)                               d) 

 
e) 

 
Figure 3.2. Improved modulation method. a) typical waveforms; b) schematic of the 
circuit; c) phase shift state; d) freewheeling state; e) active state.  
 
The IMM consists of three switching states: active state, phase shift state and 
the freewheeling state. During the time interval t0…t1 the current in the MF 
transformer is reversed and adjusted to the new level. The equivalent circuit of 
this switching state is shown in Figure 3.2c. The rising slope of the transformer 
current ITR can be expressed as follows: 

 100, , tttt
L

Nu
ii

TR

TRMV
TRTR  , (3.1) 

where iTR,0 is the initial transformer current value at time instance t0 and LTR 
designates the leakage inductance of the MF transformer. During the 
freewheeling time interval t1…t2 current slope of the iTR remains constant. The 
equivalent circuit of the freewheeling state is shown in Figure 3.2d. During the 
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active state t2…t3 the energy is transferred from the LV port towards the MV 
port of the MF transformer. The equivalent circuit of the active state is shown in 
Figure 3.2e and the slope of the current can be determined as follows: 
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The next half switching cycle is symmetrical to the first one. According to a 
detailed analysis, presented in [PAPER-VII], knowing the switching frequency 
fS, the voltages on the MV and the LV ports and considering the leakage 
inductance of the transformer LTR, the transferred power from the LV port to the 
MV port can be expressed in the following way: 
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where Dφ is the relative duration of the phase-shift and DS designates the 
relative duration of the shoot-through state. As can be seen, the transferred 
power is a function of DS and Dφ, that extends the voltage and power regulation 
possibilities comparison with conventional rectangular modulation of the DAB. 
However, the IMM has limited phase angle control range that should be limited 
to DS. Increasing Dφ over DS results in increased component stress and reduced 
voltage step-up capability. 

The following chapters present the proposed PEBB-s, describe their 
operating principle, their advantages and disadvantages, and recommendations 
for design. 

 
3.2 Current Doubler Rectifier with Bi-directional Power Flow 

Capability PEBB 

The proposed current doubler rectifier (CDR) PEBB is introduced in [PAPER-
III]. The paper describes the operating principle of the converter and presents its 
typical waveforms. In addition, the paper provides a steady state analysis with 
the boost factor estimation and the simulation results. The experimental results 
for the CDR PEBB are presented in [PAPER-V]. 

A combination of a CDR PEBB and a VSI PEBB results in a topology called 
CDR-based DAB. A schematic of such combination is shown in Figure 3.3. It 
consists of the conventional CDR circuit, where the diodes are replaced with 
controllable switches T6 and T8, and inductors are replaced with the 
transformers TRaux1 and TRaux2. An auxiliary circuit is attached to the CDR in 
order to provide freewheeling path for the energy stored in the auxiliary 
transformers TRaux1 and TRaux2, and mitigate the occurrence of the overvoltage 
peaks on the switches when operating with the duty cycle DA ≤ 0.5. 

The operating principle of the converter in the forward and the reverse 
operating modes is described in [PAPER-IV]. When the converter operates in 
the forward operating mode, the MV side VSI PEBB generates rectangular 
voltage over the MV side winding of the transformer and the current flows 
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through the antiparallel diodes of T6 and T8 on the LV side. In the reverse 
operating mode the switches T6 and T8 on the LV side are controlled alternately 
to provide the necessary voltage step-up and power flow to the MV port. In the 
normal operating mode the switches T6 and T8 are controlled with the duty cycle 
D > 0.5 and the boost factor b equals to: 
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where DA is the duty cycle of the gate signals for T6 and T8, and NTR is the turn’s 
ratio of the MF transformer. The switches on the MV side VSI are controlled 
according to IMM. If the duty cycle of the switches T6 and T8 becomes DA ≤ 0.5 
the path of the transformer’s leakage energy gets interrupted. That results in 
dangerous overvoltage spikes over the switches. Therefore, this energy is 
redirected back to the LV port by means of the freewheeling path, provided by 
the auxiliary circuit. A boost factor in that operating mode can be determined as 
follows: 
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where Naux is the turn’s ratio of the auxiliary transformers TRaux1 and TRaux2. 
 

 
 

Figure 3.3. Schematic of the CDR PEBB. 
 

The advantages of the CDR PEBB are: i) reduced current ripple, ii) voltage 
step-up in the reverse operating mode, iii) ZV turn-on can be achieved, iv) 
improved hoot-through immunity on the LV side, v) simple gate driver design, 
vi) reduced number of active switches. The major drawbacks of CDR PEBB 
are: i) increased mass and volumes due to the presence of three transformers, ii) 
increased voltage stress on the LV side switches, iii) different boost factors in 
the forward and in the reverse operating modes.  
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Design considerations for the DA > 0.5 
Next, some design guidelines for the CDR PEBB in the reverse operating mode 
are presented. First of all, the necessary inductance of the auxiliary 
transformer’s should be obtained since it determines the slope and the peak 
value of the current. Due to the current sharing effect of the CDR PEBB each 
auxiliary transformer carries half of the input current, thus the average current 
can be obtained as follows: 
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Inductance of the auxiliary transformer depends on the allowed current ripple 
ΔIL value. The current through the auxiliary transformer reaches its maximal 
value at the end of the duty cycle DA. Thus, considering the maximum duty 
cycle DA,MAX and the switching frequency fS, the inductance can be determined 
according to 3.7 
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where kI represents the ratio of the current ripple and the average current 
ΔI/Iaux,AV. When designing the converter for the bi-directional operating mode, it 
should be kept in mind that in the forward mode, too low inductance of the 
auxiliary transformer can bring the converter into the discontinuous conduction 
mode. 

Next, the selection of the filter capacitance is considered. If the CDR-DAB 
operates in the boost mode, the current ripple is typically very low, thus the LV 
side capacitor should be dimensioned first of all according to the requirements 
set in the forward operating mode. If the converter operates in the forward 
operating mode, the capacitor selection is based on the allowed current on 
voltage ripples on the LV side and can be selected according to 3.8 as follows: 
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where ΔI is the current ripple, ΔU is the voltage ripple and fS is the switching 
frequency. It is advisable to use not more than 1 % voltage ripple during the 
design. In order to achieve more efficient current ripple cancellation, a capacitor 
with as small ESR as possible is advisable to be employed. 
 
Transformer turn’s ratio 
Next, the selection of transformer turns ratio is considered. Different parameters 
are needed to be considered when designing the MF transformer for the CDR 
circuit. These are the maximal flux density BMAX (derived from the saturation 
flux), core area Ae, switching frequency and converter features. The number of 
turns on the LV side can be obtained according to 3.9 
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The number of turns on the MV side of the transformer can be obtained 
according to 3.10 as follows: 
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It should be noted, that if the current doubler is phase-shift controlled the effect 
of the leakage inductance should be carefully considered, as it is needed for the 
power transfer. If necessary, the number of turns can be made higher than the 
ones obtained by 3.9 and 3.10, in order to achieve necessary value of the 
leakage inductance. 
 
Power switches 
In order to dimension the power switches, the voltage and current stress values 
should be determined. Neglecting the voltage spikes that occur during the 
switching transients, the steady-state voltage stress on the switches T6 and T8 
can be estimated according to 3.11 in the following way: 
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As can be seen, at high DA values the steady state voltage stress on the switches 
can be enormous, e.g. for DA = 0.8 a voltage stress 500 % of ULV is applied on 
the switches. The experimental investigations have determined that high 
overvoltage peaks occur over the switches during the turn-off, thus the rating of 
the switches must be even higher. The peak current through the switch T6 occurs 
when IL8 reaches its maximum level, at the end of the duty cycle DA,MAX. 
Average current through the switch is half the input current 
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The peak current through the switch can be obtained according to 3.13 
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When designing the bi-directional CDR, the voltage and current stress values 
should be considered for both power flow directions. On the LV side the 
switches with high current rating are feasible. The IGBT-s have lower 
conduction losses at high current values in comparison with MOSFETs. 
However, a disadvantage of the IGBT-s is high turn-off losses. Moreover, with 
the rise of the switching frequency the switching losses of the IGBT-s 
significantly overweigh the losses in MOSFET-s. 
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Snubber 
The experimental results revealed the problems regarding high overvoltage 
peaks over the switches in the reverse operating mode of the CDR PEBB. Such 
feature drastically increases the voltage stress on the switches, increases the 
turn-off losses and significantly limits the use of this topology in HP 
applications. However, the overvoltage peaks can be clamped by adding a 
special diode-capacitor-resistor (RCD) snubber into the circuit, as is shown in 
section V of [PAPER-IV]. The aim of such snubber is to discharge the energy 
stored in the leakage inductance of the MF transformer during the turn-off. The 
design guidelines for calculating the RCD snubber are presented in [77] - [79] 
and can be used for the RCD snubber design for the CDR PEBB. 
 
Auxiliary circuit 
The aim of the auxiliary circuit is to provide a freewheeling path for the energy 
that is stored in the auxiliary transformers and direct it back to the LV port of 
the converter. This is needed to prevent the overvoltage peaks on the switches if 
the duty cycle is DA ≤ 0.5. The auxiliary circuit consists of the auxiliary 
transformers TRaux1 and TRaux2, diodes Daux1 and Daux2, and one switch Taux. In 
order to select the turn’s ratio of the auxiliary transformers Naux, it should be 
remembered that it has direct impact on the boost factor of the converter, on the 
average current and blocking voltage of the auxiliary diodes Daux1, Daux2. The 
maximum blocking voltage of the auxiliary diodes can be obtained as follows 

  auxLVMAXREVD NUU  1,, , (3.14) 

where Naux designates the turn’s ratio of the secondary side and the primary side 
of the auxiliary transformers. As can be seen, increased turn’s ratio of the 
auxiliary transformer, increases the needed blocking voltage of the diodes. 
Hence, the turn’s ratio of the auxiliary transformers should be taken into 
account when selecting the appropriate diodes. The average current through the 
auxiliary diode can be approximately estimated in the following way: 
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The maximum steady-state voltage on the switch T6 and T8 can be evaluated as 
follows: 
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As can be seen from 3.14 and 3.16, increasing the Naux decreases the voltage 
stress on the transistors but on the other hand it increases the voltage stress on 
the auxiliary diodes. Thus, in order to achieve equal voltage stress on the 
switches and diodes Naux should be chosen as 1:1 as shown in 3.17 

 1,6,,  auxMAXTMAXREVD NUU . (3.17) 
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In order to keep the voltage stress on the switches equal in the both operating 
modes, with enabled auxiliary circuit and disabled auxiliary circuit, 3.11 and 
3.16 should be equal, thus limiting the Naux minimum value to 
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where DA represents the duty cycle for the operation mode with DA ≤ 0.5. The 
turn’s ratio of the auxiliary transformer also determines the boost factor of the 
CDR if the duty cycle of the control signals is DA ≤ 0.5 in the continuous 
conduction mode. From the steady-state analysis presented in [PAPER-III], the 
Naux selection can be made according to the required boost factor. The Naux can 
be selected according to the required voltage boost b in the following way: 
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It can be seen that there are several criteria for selecting the turn’s ratio of the 
auxiliary transformers that must be considered during the design. 

The last component of the auxiliary circuit is the auxiliary switch Taux. It is 
needed to detach the auxiliary circuit from the CDR in case the duty cycle 
DA ≤ 0.5, otherwise the system loses its stability due to positive feedback. The 
switch carries the current that is double times the current through the auxiliary 
diodes, thus 

 AVDTaux II ,2  . (3.20) 

The maximal voltage stress on the switch, however, is applied during the 
operation mode with DA > 0.5, when the auxiliary circuit is disabled. The 
voltage stress on the switch can be calculated as follows: 
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Although the auxiliary circuit is disabled in the operating mode with DA > 0.5, 
the voltage stress on the auxiliary switch depends on the turns ratio of the 
auxiliary transformer. 
 
3.3 Quasi-Z Source Inverter PEBB 

The proposed combination of a qZSI PEBB and a VSI PEBB results in a new 
topology called qZS-based DAB which has been presented in [PAPER-VI]. The 
paper describes the operating principle of the qZS-DAB and presents its typical 
waveforms. In addition, paper provides a steady state analysis with boost factor 
estimation and power flow control and experimental results. 

A schematic of the qZS-DAB is shown in Figure 3.4. It consists of two 
inductors L1 and L2, two capacitors C1 and C2, a diode D1, and a switch S1. The 
aim of the qZS network is to step-up the voltage on the LV DC-link to match 
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the criterion 2.2. The step-up of the LV in the reverse operating mode is 
achieved by simultaneous turn-on (also called shoot-through) of the inverter 
switches T5…T8 of the qZSI PEBB. During the shoot-through state the energy is 
stored in the inductances of the qZS network while the diode D1 prevents the 
short circuit of the capacitors C1 and C2. To allow the energy flow in both 
directions, the diode D1 is shunted with the switch S1 in the forward operating 
mode. In this case, the energy is transferred from the MV side VSI by means of 
the rectangular modulation of the DAB while qZS network acts as a filter. 

 

 
 

Figure 3.4. Schematic of the qZSI PEBB. 
 

a) 
 

 
 

b) 
 

c) 

Figure 3.5. Operating principle of the qZS-based DAB: a) typical waveforms; b) 
simulated transformer voltages; c) simulated transformer current. 
 
The control signals and typical waveforms of the qZS-based DAB in the reverse 
operating mode are shown in Figure 3.5. It can be seen that during the shoot-
through state the current through the switch T5 rises rapidly during t0…t1, and 
continues to rise with the same slope as the inductor L1 and L2 current during 
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t1...t2. The voltage on the DC-link of the qZSI PEBB can be obtained in the 
following way: 
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where DS designates the relative duration of the shoot-through state. In order to 
match the criterion 2.2, the qZSI PEBB must achieve a corresponding voltage 
level on the LV side DC-link, as shown in 3.23 

 TRDCDCMV NUU , . (3.23) 

The qZS-based DAB can be controlled by using the rectangular modulation 
technique in both operating modes. In addition, in the reverse operating mode 
the phase angle control can be used simultaneously with voltage step-up by 
means of the IMM. The advantages of the qZS-based DAB over the 
conventional DAB are: i) improved shoot-through immunity, ii) reduced current 
stress on the switches and capacitors, iii) continuous input current, iv) no need 
for additional filters on the LV side, v) voltage step-up on the LV side. The 
major drawbacks of this topology are: i) increased number of passive elements, 
ii) increased risk of oscillations, iii) poor operation under small-loads and 
relatively low switching frequency [71], iv) limited ZVS range due to 
unsymmetrical structure. 
 
Design considerations 
When designing the qZS-based DAB for the bi-directional mode, the 
component values should be dimensioned according to the maximum current 
and voltage stresses. Some design guidelines of the qZSI are presented in [45]. 
The maximal stress values on inductances L1, L2, capacitors C1, C2 and diode D1 
apply in the reverse operating mode. The inductances of the qZSI PEBB limit 
the current ripple in the switch during the shoot-through. The current reaches its 
peak value at the end of the shoot-through state. From the steady-state analysis 
the needed inductance of L1 and L2 can be estimated as follows: 
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where PLV,MAX is the power at the maximum phase angle and the shoot-through 
duty cycle DS,MAX value, kI designates the ratio of the current ripple and the 
average current ΔIL/IL,AV.  

Next, in order to limit the voltage ripple, the capacitors should be 
dimensioned accurately. The voltage ripple depends on the maximal shoot-
through duration DS,MAX. During the shoot-through state the capacitors C1 and C2 
are connected in series and thus the capacitance of each capacitor, assuming that 
capacitors are equal, can be obtained in the following way: 
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where kU is the ratio of the voltage ripple and average voltage on the DC-link 
kU = ΔU/UDC. 

Other elements of the qZSI PEBB are the diode D1 and the switch S1. The 
maximal reverse voltage stress on the diode D1 and the switch S1 (open state) 
applies during the shoot-through state of the inverter switches T5…T8, and can 
be estimated in a similar way as 3.23: 
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The average current through the diode can be estimated as follows: 
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The current rating of the switch S1 should be selected according to the full 
current rating in the forward operating mode when it is in the conducting state. 
The steady-state voltage stress on the controllable switches T5…T8 applies 
during the non-conducting state of the switches and is equal to the voltage value 
on the DC-link 

 DCTx UU  . (3.28) 

The average current through the switches in the reverse operating mode at the 
maximal power level PLV,MAX can be found according to 3.29 in a following way: 
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In order to reduce the size and the mass of the inductors, they can be wound on 
the common core forming this way the coupled inductors, as was done in [72]. 
 
3.4 Current-Fed DC/DC Converter with an Active Clamp PEBB 

The proposed combination of a CF-DC/DC PEBB and a VSI PEBB results in 
the new topology, the CF-DC/DC based DAB with an active clamp, which is 
described in [PAPER-VII]. The paper describes the operating principle of the 
converter and presents its typical waveforms. In addition, paper provides a 
steady state analysis with boost factor estimation, power flow control and 
simulation results. The loss analysis and the experimental results are presented 
in [PAPER-VIII]. 

A schematic of such combination is shown in Figure 3.6. The CF-DC/DC 
PEBB consists of an inductor L1, a capacitor C1, a controllable switch TC with 
an anti-parallel diode and an inverter. In the forward operating mode, the power 
is transferred from the MV port to the LV port by means of the rectangular 
modulation of the DAB while CF-DC/DC PEBB acts as a filter. In the reverse 
operating mode the voltage step-up on the LV side can be used, to match the 
criterion 2.2. The voltage step-up takes place by means of the simultaneous 
shoot-through state of the switches on the LV side inverter. During the shoot-
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through the energy is stored in the inductor L1 and redirected to the MV port 
during the active state. The switch TC is turned off during the shoot-through 
state in order to prevent the short circuit of the capacitor C1. 

 

 
 

Figure 3.6. Schematic of the CF-DC/DC PEBB. 
 
The boost factor the CF-DC/DC PEBB can be determined by the following 
equation: 
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It has the following advantages over the DAB: i) voltage step-up capability, ii) 
no need for additional filter on the LV side, iii) reduced current and voltage 
stress on the components. The major drawbacks of this topology are: i) limited 
ZVS range due to unsymmetrical structure, ii) increased switching and 
conduction losses due to additional switch TC. 
 
Design considerations 
Detailed design guidelines for the CF-DC/DC PEBB converter are presented in 
[PAPER-VII] and [73]. 
 
3.5 Voltage Regulation Range 

Keeping the voltage on the LV side at the constant level is a task that the 
isolation stage has to fulfill. If the PET operates in the reverse mode, then too 
low voltage level on the LV side reduces the power transfer performance and 
increases the voltage and current stress on the components. Compared to the 
VSI PEBB, the proposed PEBB-s have the voltage step-up properties. Such 
feature enables to keep the voltage on a stable level and reduce the stress values 
on the components. The mathematically derived voltage boost factors of the 
proposed PEBB-s are depicted in Figure 3.7. Here, the PEBB-s are controlled 
with the active duty cycle is DA = 0.6, shoot-through is DS = 0.1 and the phase 
shift value is Dφ = 0.1. The transformer turn’s ratio is NTR = 1. The VSI PEBB is 
controlled with the rectangular modulation method and voltages on MV and LV 
ports are equal. However, the CDR PEBB can regulate the voltage level in a 
very wide range and reaches UMV = 300 V at ULV = 130 V. The qZSI PEBB 
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reaches UMV = 300 V at ULV = 250 V voltage level on the LV side. The LC-filter 
based DAB reaches UMV = 300 V voltage on the MV side at ULV = 280 V. 
 

 
 

Figure 3.7. Voltage regulation range of the VSI PEBB and proposed PEBB-s. 
 

3.6 Laboratory Test Bench 

In order to experimentally analyze the proposed PEBB-s, a flexible prototype 
was developed. The prototype allows all four topologies to be tested under 
similar conditions and at the same power level. The test bench consists of the 
IGBT based VSI on the MV port, the MF transformer and the proposed PEBB-s 
on the LV port. 

Although the final application, the PET, is a high-power device, the 
prototype was built for the lower voltage and power levels. The IGBT-s 
IRG7Ph42ud1pbf were chosen for the LV port VSI and IRG4PH50UDPbf for 
the MV port VSI. A low voltage side voltage of ULV = 30 V and high voltage 
side UMV = 200 V are used during the experimental investigation. A 
DSPIC33FJ64GS606 microcontroller is used to generate the gating signals for 
the IGBT driver circuits. The IR2181 type IGBT drivers are used to control the 
switches on the MV side VSI PEBB and MC33153 IGBT drivers were used to 
control the switches on the LV side VSI PEBB. The main parameters of the test 
bench and its components are summarized in Table 3.1 and the block diagram 
of the experimental prototype is shown in Figure 3.8. 
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Table 3.1. Parameters of the laboratory test bench. 

Parameter Value 

Low side voltage ULV  30 V (DC) 

Medium side voltage UMV 200 V (DC) 

Saturation voltage of IGBT-s (LV) UCE 1.7 V 

Saturation voltage of IGBT-s (MV) UCE 2.7 V 

Voltage drop of the diodes UD 1.1 V 

Blocking voltage of the IGBT-s 1200 V 

Nominal collector current IC 30 A 

Switching frequency fS 30 kHz 

 

 
 

Figure 3.8. Block diagram of the experimental test bench. 
 

3.7 Summary 

In order to overcome the challenges of the DAB and extend the control range of 
the isolation stage, three new PEBB-s were proposed: CDR PEBB, qZSI PEBB 
and CF-DC/DC PEBB. The combination of the proposed PEBB-s and a VSI 
PEBB resulted in the new topologies. The comparison of the VSI PEBB and the 
proposed PEBB-s are presented in Table 3.2. The CDR PEBB has a low number 
of switches, improved shoot-through immunity, very good voltage step-up 
properties and equal current sharing. However, the presence of three 
transformers increases the weight of the converter and causes significant 
overvoltage peaks (up to 225 %) during the turn-off of the switches that limits 
the use of this topology without additional snubber circuits. The qZSI PEBB has 
also improved shoot-through immunity and good voltage step-up properties, 
with reduced current stress on the capacitors and voltage stress on the switches. 
However increased number of passive elements increases the size of the 
converter and the conduction losses. CF-DC/DC PEBB has reduced number of 
passive elements in comparison with qZSI PEBB, however it has increased 
switching and conduction losses due to the additional switch and more complex 
control. The analytically obtained operating principle and waveforms were 
verified with simulations and tested on the experimental prototype. The 
experimental results showed the correspondence to the analytically obtained 
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waveforms. In addition, it was verified that proposed PEBB-s do not cause any 
instabilities in the forward and in the reverse operating modes. The design 
guidelines for the proposed PEBB-s were provided. During the design, the 
components should be selected according to the bi-directional mode of the 
converters. 
 
Table 3.2. Comparison of the PEBB-s for the isolation stage. 

 
VSI 

PEBB 
CDR PEBB qZSI PEBB 

CF-DC/DC 
PEBB 

No. of switches 4 3 5 5 

No. of diodes 4 4 5 5 

No. of passive 
elements 

- 3 4 2 

ZV turn-on Yes Yes Yes Yes 

Need for snubber 
circuit 

No Yes No No 

Boost factor 
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Voltage 
regulation range 

ULV LVU%400 * LVU%200 ** LVU%130 ** 

On-state switch 
voltage stress 

ULV 
A

LV

D

U
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Control 
complexity 

Simple Medium Simple Medium 

Short-circuit 
immunity 

No Yes Yes No 

  * DA = 60 %. 
** DS = 10 %. 
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4 COMPARISON AND ANALYSIS 

The aim of this chapter is to compare of the proposed PEBB-s regarding the 
conduction losses, the switching losses, the component stress values and the 
efficiency. The results are based on the experimental investigation of all PEBB-
s with the parameters shown in Table 3.1. As the aim of the isolation stage is to 
keep the voltage on the stable level, the operating point was selected such, that 
30 V was achieved on the DC-link. Therefore, according to Figure 3.7, the 
lower voltage was fed to the LV side of the proposed PEBB-s and desired 
voltage was achieved by the voltage step-up. The proposed PEBB-s were 
analyzed on the same power level of P = 500 W. The active duty cycle was 
DA = 0.6, (thus shoot-through duration is DS = 0.1) and the phase shift relative 
duration was Dφ = 0.1. 
 
4.1 Conduction and Switching Losses 

Conduction Losses 
The total conduction losses of the converter comprise the conduction losses in 
the power switches and on the active resistances R of the passive elements and 
wires. In this section the conduction losses in the power switches, inductors and 
the transformer are considered, and the conduction losses in the capacitors are 
neglected. The conduction losses of the IGBT-s PIGBT depend linearly on the 
collector-to-emitter voltage drop uCE and the current ic flowing through it. This 
can be evaluated as follows: 
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where Ts is the duration of the switching period, IC,AV is the average current that 
flows through the switch, rC is the on-state resistance of the switch and IC,RMS is 
the RMS value of the current. The conduction losses of the IGBT body diodes 
can be evaluated in a similar way by multiplying the forward voltage drop uD of 
the diode with the forward current iD 
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where UD is the voltage drop over the diode and ID,AV is the average current of 
the diode, rD is the on-state resistance and ID,RMS is the RMS value of the diode 
current. 
 
Switching losses 
The switching losses are caused by non-ideal characteristics of the power 
switches, when the transition from on-state to off-state or vice versa takes place. 
Obtaining the switching losses is a more challenging task than that of the 
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conduction losses, as the switching losses depend on the switch characteristics 
and on the surrounding parasitic components. The switching losses of the power 
switches are equal to the sum of turn-on and turn-off losses and can be 
calculated according to the following equation: 
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where UC is the supply voltage, IC is the average collector current, fs is the 
switching frequency, ton is the turn-on duration, and toff  is the turn-off duration. 
As can be seen, the switching losses are proportional to the switching 
frequency. During the following analysis the switching frequency was kept on 
the same level for all topologies. The ZV turn-on of the switches allows the 
switching losses to be reduced. In order to comprehensively determine the 
switching losses, considering the circuit parasitic capacitances and the ZV turn-
on, the switching losses were obtained experimentally by measuring the current 
and the voltage waveforms during the switching transient and applying 
Eq. (4.3). 
 

     
 a) b) 

     
 c)  d) 
 

Figure 4.1. Switching sequence of the LV side switch T6 on the same power level:  
a) DAB; b) CDR-DAB; c) qZS-DAB; d) CF-DC/DC-DAB. 

 
The switching sequences of the switch T6 for each PEBB in the boost operating 
mode (excluding DAB) are shown in Figure 4.1. The experimental results 
showed that zero voltage turn-on can be achieved in the boost mode of the 
proposed PEBB-s. It can be seen from Figure 4.1a that current rises 
continuously in case of the VSI PEBB and reaches its peak value at the end of 
the switching cycle, when hard turn-off takes place. The switching transient of 

UT6(50V/div)

IT6(5A/div)

IT6(5A/div)

UT6(50V/div)

UT6(25V/div)

IT6(5A/div) IT6(5A/div)

UT6(20V/div)



42 

the CDR PEBB is shown in Figure 4.1b, where the high overvoltage peak over 
the switch can be observed during the turn-off. Thus, it is expected that the 
CDR PEBB will have significantly higher turn-off losses in comparison with 
the VSI PEBB. A similar behavior in the switching transients can be seen for 
the qZSI and CF-DC/DC PEBB-s, shown in Figure 4.1c,d respectively. It can 
be seen that the current has a decreasing slope before the turn-off that results in 
a lower current peak value and lower instantaneous current at the turn-off. This 
in turn results in lower turn-off losses. 
 
Experimental results 
The experimentally obtained conduction and switching losses in the nominal 
operating point are shown in Figure 4.2. As can be seen, the conduction losses 
of the CDR-DAB are the lowest ones in comparison with the other topologies, 
and are 10 % lower in comparison with the DAB. It is an expected result since 
CDR PEBB has a lower number of switches on the LV side. A slight rise in the 
conduction losses of the qZSI and CF-DC/DC PEBB-s was also expected, since 
additional elements are added to the conventional VSI PEBB. In the case of the 
qZSI PEBB additional voltage drops occur on the diode D1 (see Figure 3.4) and 
on the resistances of the inductors L1 and L2. The switch TC and inductor of the 
CF-DC/DC-DAB (see Figure 3.6) cause additional conduction losses in 
comparison with the DAB. Experimental results have shown that the conduction 
losses of the qZS-DAB and CF-DC/DC-DAB are approximately 7 % higher 
than those of the conventional DAB. 
 

 
 

Figure 4.2. Comparison of the conduction and switching losses of the  
DAB and the new topologies in the reverse operating mode. 

 
As can be seen from Figure 4.2, the switching losses of the CDR-DAB are 
notably higher than with the other topologies. In the nominal operating point the 
switching losses of the CDR-DAB are 11 % higher in comparison with the 
DAB. A reason for that are high overvoltage peaks that occur during the turn-
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off (see Figure 4.1b). Lower switching losses of the qZS-DAB and the CF-
DC/DC-DAB in comparison with the conventional DAB can be observed. That 
can be explained by the descending switch current slope of these topologies 
before the turn-off (see Figure 4.1c,d) as compared to the DAB. The lowest 
switching losses were observed in the qZS-DAB. That can be explained by low 
overvoltage peak over the switch during the turn-off. Additional switching 
losses in the CF-DC/DC-DAB were caused by the clamping switch TC. As can 
be seen from the measurements, the switching losses are most critical for the 
CDR PEBB. One possible way to reduce the switching losses is to limit the 
overvoltage peaks by means of the clamping diode-resistor-capacitor snubber 
(see design guidelines in Chapter 3.2). 
 
4.2 Current and Voltage Stress 

The current and voltage stress values on the components have direct impact on 
the dimensioning and the reliability of the device, since they determine the 
worst case conditions that the components have to withstand. The current stress 
is defined as the RMS and the peak current value that flows through the switch, 
the capacitor or the transformer during the switching period. The voltage stress 
is defined as the on-state and peak value of the voltage that is applied to the 
switch, capacitor or other elements during the switching period. Reducing these 
values enables to increase the efficiency, reduce the component ratings and 
eventually reduce the cost of the converter. 

The on-state stress values on the components can be derived from the steady 
state analysis of each PEBB. The on-state stress values on the components are 
presented in the design guidelines for each PEBB in the Chapters 3.2-3.4. 
However the dynamic stress depends on the circuit configuration and can be 
obtained experimentally. 

The highest dynamic switch overvoltage stress takes place during the turn-
off. Such voltage peaks increase the rating of the switches and the switching 
losses. That in turn increases the need for the switches with higher blocking 
voltage and higher cost. Although the voltage stress is more important issue on 
the MV side, reducing the voltage peaks on the LV side results in decreased 
switching losses. In addition, the RMS current of the capacitor and the switches 
has direct impact on the thermal performance of the components. The voltage 
and current stress values on the LV side switches, capacitors and transformer 
were experimentally obtained at the same power level. The proposed PEBB-s 
were analyzed in the reverse operating mode using the IMM and compared with 
the VSI PEBB. The results are shown in Table 4.1. The results are presented in 
physical units (p.u.) relative to the DAB (UX,VSI(p.u.) = 1.0; IX,VSI(p.u.) = 1.0). 

Table 4.1 shows, that the overvoltage peak on the switch T6 can be up to 
205 % higher in the case of the CDR PEBB. On the other hand it can be seen 
that the overvoltage peak is reduced in the other PEBB-s. The current RMS 
values through the switch are increased for all the proposed PEBB-s. It can also 
be observed that as compared to the VSI PEBB the proposed PEBB-s decrease 
the peak value of the switch and thus that of the transformer. Reduced current 
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ripple in turn results in the lower switching losses. As the experimental results 
have shown, the current stress on the capacitor can be reduced up to 47 % for 
the CDR PEBB, due to good current ripple cancellation of the CDR circuit. 
 

Table 4.1. The component current and voltage stress in the reverse operating 
mode in comparison with the DAB. 

 CDR-DAB qZS-DAB CF-DC/DC-DAB 

Peak voltage over 
switch T6 (p.u.) 

2.05 0.75 0.9 

Switch T6 RMS 
current (p.u.) 

1.16 1.11 1.11 

Peak current of the 
switch T6 (p.u.) 

0.84 0.88 0.81 

Transformer RMS 
(p.u.) 

0.8 0.9 0.92 

Transformer peak 
current (p.u.) 

0.72 0.73 0.77 

Capacitor RMS 
current (p.u.) 

0.53 0.79 0.89 

 
It should be noted, that the peak values are additionally influenced by the 
leakage inductance of the MF transformer. Larger leakage inductance will 
decrease the transformer and switch current ripple, on the other hand it, has 
direct impact on the power transfer as shown by Eq. (3.3). The necessary 
leakage inductance value can be reduced, if the converter operates at a higher 
switching frequency. 
 
4.3 Efficiency 

Efficiency is one of the most important criteria in the selection of the suitable 
and most feasible topology for the isolation stage of the PET. As described in 
the introduction, the isolation stage will have a major impact on the efficiency 
of the whole PET. 

The DAB is nowadays one of the most used topology in the HP applications 
where HF isolated DC/DC conversion takes place. The proposed PEBB-s for 
the LV side of the isolation stage showed a positive impact on the converter 
regarding the current stress on the components. However, the increase of the 
conduction losses is obvious if the conventional VSI is replaced with additional 
circuitry. Thus, it must be ensured that extending the DAB with the new 
topologies will not significantly reduce the efficiency of the converter in both 
operating modes. 

The effect of the component losses on the efficiency in the reverse operating 
mode has been analyzed for the CDR PEBB in [PAPER-IV], for the qZS-DAB 
in [PAPER-VI] and for the CF-DC/DC-DAB in [PAPER-VIII]. The models 
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considered only the conduction losses in the switches, diodes and on the active 
resistances of the inductors and transformer. 

In order to compare the mathematically obtained efficiencies with those of 
the real ones, the efficiency of each topology was determined experimentally. 
Therefore, the power on the MV and LV ports were measured and the efficiency 
was calculated according to 4.4: 
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where IMV, ILV are the current on the MV and LV ports, and UMV, ULV are the 
voltages on the MV and LV ports respectively. The measured efficiency values 
for the DAB and the new topologies are shown in Figure 4.3. It can be seen, that 
in comparison with the DAB, the other topologies have slightly lower efficiency 
for the maximal given output power. The efficiency of the DAB for given 
parameters was 83 %, whereas the lowest efficiency was seen for the CDR-
DAB, that comprised 81 %. The efficiencies of the qZS-DAB and the CF-
DC/DC-DAB were approximately similar and comprised 82 %. 
 

 
 

Figure 4.3. Efficiencies of the DAB and new topologies. 
 
Mathematically and experimentally obtained efficiencies for the all topologies 
are compared in Table 4.2. The similar circuit parameters as in experimental 
prototype (see Table 3.1) were used in the mathematical models. As can be seen 
there is a roughly 10 % difference between the analytically derived and 
measured efficiencies. This is because only conduction losses in the models 
were analyzed, however the measured values also include the switching and the 
core losses of each topology. 

In practice, the measured efficiency value is relatively low. This is due to the 
high losses in the power switches, which were not correctly selected for such a 
low voltage prototype. However, the improvement of the efficiency was outside 
the scope of the thesis, rather the aim was to compare the proposed PEBB-s 
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under similar conditions. The achieved results allow to assess the difference in 
the efficiencies of the proposed PEBB-s also for higher power ratings. In 
addition, the derived mathematical models allow to rate the impact of the 
conduction losses on the efficiency in the forward operating mode. In this case 
the proposed PEBB-s act as filters and affect mostly the conduction losses of 
the whole isolation stage. 
 
Table 4.2. Estimated and measured efficiencies. 

 DAB CDR-DAB qZS-DAB CF-DC/DC-DAB 
Estimated 92 % 92 % 89 % 91 % 

Measured 83 % 81 % 82 % 82 % 

 
Several solutions can be considered to increase the efficiency of the proposed 
PEBB-s. First of all, experimental and analytical results have stated that the on-
state voltage drop of the IGBT-s affects mostly the efficiency. Thus, for lower 
currents, switches with lower on-state voltage drop are advisable. Special 
attention should be paid to the diode of the qZSI PEBB, that carries the whole 
input current and where a high voltage drop can significantly increase the 
conduction losses. In addition, to reduce the effect of the active resistance on 
the efficiency, wires as short as possible should be used. 

In order to reduce the switching losses, first of all replacement of the IGBT-s 
with MOSFET-s that have lower switching losses, should be considered. In 
addition, the switching loss is affected by the peak value of the current at the 
turn-off time instance, thus adding additional inductive filters to reduce the 
current ripple should be considered. 

 
4.4 Dynamic Analysis 
In the distribution networks different types of voltage deviations and load 
transients are typical phenomenon that the transformers have to withstand. Such 
distortions on the primary side of the LFT are also reflected to the secondary 
side and vice versa. A controllable PET must ensure the stable voltage on both 
ports under the realistic conditions with changing line voltage and load. 
Typically the main functions of the converter’s dynamic performance are line 
regulation and load transient response. Line regulation is the ability of a 
converter to provide a stable voltage on the output when the input voltage is 
changing. Load transient shows the reaction of the output to a rapidly changing 
load. 

A comprehensive way to analyze the dynamic behavior of the converter is to 
perform the transient response analysis. For the isolation stage of the PET the 
two most common varying values are the voltage and the load on the LV side. 
Thus the load transient response of the isolation stage can be performed by 
varying the load on the LV side in the forward operating mode as shown in 
Figure 4.4a. On the other hand, the voltage level on the LV side DC-link must 
be kept on the stable level and provide stable output on the MV side when the 
PET operates in the reverse mode. In this way, it is necessary to perform the 
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line regulation by varying the voltage on the LV side and monitor the changes 
on the MV side as shown in Figure 4.4b. The dynamic performance of the DAB 
and the proposed topologies under varying voltage and load has been modeled 
using the open-loop control. The values of the passive elements used for each 
topology are shown in Table 4.3, where NTR designates the transformer turn’s 
ratio, L is the inductance used in the filters, LTR is the leakage inductance of the 
MF transformer, C is the capacitance used in the filters. The losses in the 
switches are neglected. 
 

      
a)      b) 
 

Figure 4.4. Block diagram of the simulation circuit. a) line regulation, b) load 
transient. 

 
Table 4.3. Simulation parameters. 

 DAB CDR-DAB qZS-DAB 
CF-DC/DC 

DAB 
ULV 20…30 V 

UMV 200 V 

f 20 kHz 

NTR 1:6.6 1:3 1:6.6 1:6.6 

L - 500 μH 150 μH 150 μH 

LTR 7 μH 5 μH 7 μH 7 μH 

C 100 μF 220 μF 50 μF 50 μF 

 
Open-Loop Response to the Load Transient 
In the distribution network the power is mainly transferred from the generator 
side towards the consumers and the isolation stage will mainly operate in the 
forward operating mode. Hence, the load variation on the LV side is the 
phenomenon that the PET will have to deal with most of the time. In order to 
obtain the load transient on the LV side in the forward operating mode, the load 
R on the LV side was periodically changing between 100 % and 50 %. For the 
control of DAB based circuits the rectangular phase shift modulation was used. 
The CDR PEBB was used as an uncontrollable rectifier. The phase angle and 
the duty cycle were chosen such that equal output power could be achieved. The 
voltage on the MV side was kept on the constant level (UMV = 200 V). The 
simulation results for the load transient in the forward operating mode are 
presented in Figure 4.5. The voltage and current overshoots with settling times 



48 

for each topology are presented in Table 4.4. Settling time is defined as the 
duration until the voltage reaches 5 % of the final value. 
 

 
a) 
 

 
b) 
 

 
c) 
 

 
d) 
 

Figure 4.5. Load response on the LV side in the forward operating mode: a) DAB;  
b) CDR-DAB; c) qZS-DAB; d) CF-DC/DC-DAB. 
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Table 4.4. Summary of load transient of the different topologies. 

 DAB CDR-DAB qZS-DAB CF-DC/DC-DAB 

Settling time (ms) 1.13 0.94 0.73 0.90 

Voltage overshoot 
(p.u.) 

1.00 1.10 1.00 1.00 

Current overshoot 
(p.u.) 

1.24 1.05 1.20 1.26 

 
From the analysis, it can be seen that all the topologies showed stable responses. 
The load transient of the DAB is shown in Figure 4.5a. It can be seen that the 
voltage transient has aperiodic behavior with t = 1.13 ms settling time. A rapid 
change in the current with 1.24 p.u. can be observed. In comparison with the 
DAB, the voltage transient of the CDR-DAB (see Figure 4.5b) has 10 % voltage 
overshoot however the current follows a smooth slope. On the other hand, the 
current overshoot of the CDR-DAB was the smallest among the others. All the 
other topologies had a current overshoot of more than 120 % of the final value. 
The load transient for qZS-DAB (see Figure 4.5c) and the CF-DC/DC-DAB 
(see Figure 4.5d) have similar character with an aperiodic behavior of the 
voltage transient and reduced rate of the current change. The qZS-DAB has 
shown the fastest settling time of t = 0.73 ms.  
 
Open-loop response to the LV side voltage transient 
In order to obtain the transient response on the MV side, the voltage on the LV 
side was periodically changing between the 30 V and 20 V and the converter 
was operating in the reverse operating mode. The duty cycle, phase angle and 
the load were chosen such that equal power rating could be achieved at the 
desired voltage level on the MV side (UMV = 200 V). The response of the MV 
side to the LV side transient for each topology is presented in Figure 4.6. The 
overshoot and settling times for each topology are presented in Table 4.5. 
Settling time is defined as the duration until the voltage reaches 5 % of its final 
value. 

It can be seen that in the open-loop all the topologies show the stable 
response to the line regulation on the LV side and the desired voltage level on 
the MV is achieved without any significant deviations or overshoots. Figure 
4.6a shows the transient response of the DAB. The response has aperiodic 
behavior with a t = 1.56 ms settling time. The longest settling time t = 1.93 ms 
has been observed for the CF-DC/DC-DAB (see Figure 4.6d). Moreover, a long 
settling time t = 1.85 ms was observed for the qZS-DAB (see Figure 4.6c). The 
fastest response to the line regulation with settling time t = 0.87 ms could be 
observed for the CDR-DAB as shown in Figure 4.6b. The line regulation of the 
proposed topologies has shown that the voltage overshoot of 10 % occurred 
only in case of the CDR-DAB. 
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a) 
 

 
b) 
 

 
c) 
 

 
d) 

 
Figure 4.6. Line regulation on the MV side in the reverse operating mode: a) DAB;  
b) CDR-DAB; c) qZS-DAB; d) CF-DC/DC-DAB. 
 
Table 4.5. Summary of the line regulation. 

 DAB CDR-DAB qZS-DAB CF-DC/DC-DAB 
Settling time (ms) 1.56 0.87 1.85 1.93 

Voltage overshoot 
(p.u.) 

1.00 1.08 1.00 1.00 
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4.5 Summary 

This chapter presented the comparison between the dual active bridge and the 
new topologies, based on the proposed PEBB-s: CDR-DAB, qZS-DAB and CF-
DC/DC-DAB. To perform a comprehensive comparison, the proposed 
topologies were analyzed on the experimental prototype under similar 
conditions in the reverse operating mode. The improved modulation method 
was used for the control the PEBB-s. Focus was on the following features: i) 
conduction losses in the power switches, diodes and the resistance of the 
inductors and transformers; ii) switching losses of the switches; iii) current and 
voltage stress on the different components of the PEBB-s, iv) efficiency; v) line 
regulation and load transient response. 

The analytical and experimental analysis of the conduction losses has shown 
that the highest conduction losses occur due to collector-to-emitter voltage drop 
of the IGBT-s in comparison with the active resistance. The converter was 
tested under relatively low power, however with the increase of the power it is 
expected that the conduction losses on the active resistances will become more 
significant. The conduction losses were lowest in the case of the CDR-DAB, 
and were 10% lower than with the DAB. This can be explained by the smaller 
number of the power switches of the CDR-DAB. The conduction losses of the 
qZS-DAB and CF-DC/DC-DAB were both approximately 7 % higher in 
comparison with the DAB. That can be explained by the additional losses on the 
diode and active resistances on the inductors of the qZSI PEBB. Additional 
losses in the CF-DC/DC PEBB occur in the extra clamping switch and the LV 
side inductor. 

The switching losses were also obtained from the experimental prototype for 
each topology by measuring the voltage and current waveforms during the 
switching transients. Under the investigated operation range, the ZV turn-on of 
the switches could be observed for all PEBB-s. However, the switches are hard-
switched during the turn-off transition and thus the turn-off losses comprise the 
major part of the switching losses. The highest switching losses occurred in the 
CDR-DAB, although this PEBB has the lowest component count, and were 
11 % higher than with the switching losses of the DAB. This can be explained 
by the occurrence of the enormous overvoltage peaks over the switches that 
were up to 200 % higher than with the DAB. The switching losses were slightly 
lower (appr. 2 %) in the case of the qZS-DAB and the CF-DC/DC-DAB in 
comparison with the DAB, even though it was expected that the CF-DC/DC 
PEBB has an additional switch which is turned-on under two times higher 
switching frequency. However, it’s impact was not significant since the current 
level through the switch is significantly lower in comparison with inverter 
switches. Lower switching losses occur due to the lower current peak value of 
the qZS-DAB and the CF-DC/DC-DAB than of the DAB. 

The current and voltage stress analysis has revealed several benefits and 
challenges of the proposed PEBB-s in comparison with the VSI PEBB. The 
most important facts are the drastically higher (205 %) overvoltage peaks over 
the switches of the CDR PEBB. This in turn increases the voltage rating of the 
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switches and snubber circuit is needed to limit the overvoltage spikes. On the 
contrary, the overvoltage stress of the qZSI PEBB was 25 % lower in 
comparison with the VSI PEBB. Another important result was reduced current 
ripple of the proposed PEBB-s. Reduced current ripple results in reduced switch 
and transformer peak currents, that in turn results in lower device rating and 
eventually higher efficiency. In addition, reduced current ripple affects the RMS 
current of the capacitor. The capacitor current stress value can be reduced up to 
47 % in the case of the CDR PEBB in comparison with the VSI PEBB. 

The efficiency was analyzed analytically and experimentally for each 
topology. The mathematical models considered only the impact of the 
conduction losses on the efficiency, whereas the component values were chosen 
the same as in the experimental test bench. The mathematical results have 
shown that for the given parameters and neglecting the core and switching 
losses, the efficiency over 90 % can be achieved for most of the topologies. 
However, the experimental results have shown ca 10 % lower efficiency in 
comparison with the analytical expectations. This is because the mathematical 
models did not include the switching and core losses. The measured efficiency 
was highest for the DAB topology (83 %), and the lowest for the CDR-DAB 
(81 %). The obtained efficiency values are relatively low. This is due to high 
on-state voltage drop of the IGBT-s in comparison with the low input voltage. 
However, the aim of the thesis was not to achieve the highest efficiency, but 
rather to compare the alternative topologies with the DAB under similar 
condition. Obtained results can provide helpful material in assessment of the 
feasibility of the proposed PEBB-s for the isolation stage of the PET. 

The dynamic analysis, including the line regulation and load transient, for all 
topologies was performed. In the line regulation, all topologies showed stable 
response. The CDR-DAB showed the fastest settling time among others, 
however with a 8 % voltage overshoot. The other topologies showed aperiodic 
behavior without any voltage overshoots. The longest settling time of 
t = 1.93 ms was shown by the CF-DC/DC-DAB. In the load transient analysis, 
the qZS-DAB had the fastest settling time among others, that comprised 
t = 0.73 ms. The slowest settling time t = 1.13 ms was observed with the DAB. 
Only the CDR-DAB showed the voltage overshoot of 10 % whereas all other 
topologies showed aperiodic voltage behavior. On the other hand, load transient 
has shown the occurrence of the current overshoot, that was more than 20 % for 
the DAB, the qZS-DAB and the CF-DC/DC-DAB. The smallest current 
overshoot of 5 % was observed for the CDR-DAB. 
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5 FUTURE WORK 

The thesis proposed three new PEBB-s for the LV side of the isolation stage of 
the PET: CDR with a bi-directional power flow capability, quasi-Z source 
inverter and current-fed DC/DC converter based with an active clamp. 

Although the proposed PEBB-s may increase the volumes of the PET due to 
the presence of the passive elements in the circuit, they reduce the current stress 
on the circuit components, reduce the transient response and have voltage 
regulation capabilities, while maintaining the advantages of the phase shift 
controlled DAB. It would be interesting to investigate the influence of the 
passive elements on the reliability and the lifetime of the PET. 

Using the modular design of the isolation stage reduces the voltage stress on 
the switches and thus, allows switches with lower power ratings and higher 
switching frequencies to be selected. However, the next generation of silicon 
carbide (SiC) and gallium nitrate (GaN) based switches, like IGBT’s and 
JFET’s with higher voltage blocking and faster switching capabilities could 
offer more compact design, improved performance and higher efficiency of the 
PET. 

Moreover, alternative modulation methods for DAB based circuits such as 
trapezoidal and triangular modulation should be investigated. In such a way, a 
soft switching capability of the converter could be improved, that would result 
in increased efficiency of the whole system. 

Significant attention should be paid on the design and selection of the 
magnetic core of the MF transformer. By selecting proper core material, the 
higher saturation flux density can be achieved that in turn allows the size of the 
core to be reduced even more. Different materials that are suitable for the 
transformer core, such as ferrite, amorphous materials and nanocrystalline 
should be investigated. 

Although the new PEBB-s were proposed for the isolation stage of the PET, 
they can easily be combined into a new multi-port converter with magnetic or 
DC coupling as shown in Figure 5.1. Such a configuration allows us to integrate 
the different generating and storage elements into one system and widen the 
overall performance of the PET. 

Finally, it would be interesting to realize the entire concept of the power 
electronic transformer that would incorporate the new topologies based on the 
proposed power electronic building blocks. That would allow us to combine the 
voltage regulation of the isolation stage together with active front-ends on the 
MV and LV ports. 
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Figure 5.1. Possible use of the new PEBB-s in multiport converters  
with magnetic coupling. 
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Abstract 

Research and Development of the New Converter Topologies for the 
Isolation Stage of the Power Electronic Transformer. 
 
Conventional power system consists of large centralized generators, passive 
transformers, transmission lines, substations and consumers, whereas the 
electrical energy flows uni-directionally from the generator’s side to the 
consumers. The nowadays low frequency (50 Hz and 60 Hz) AC transmission 
system uses the magnetically coupled transformer concept for voltage elevation, 
transmission over long distances and voltage reduction for residential use. 
However, growing number of renewable energy sources results in rising number 
of distributed power plants which are principally subject to energy fluctuations. 
Therefore it is essential to build energy storages (e.g. batteries, ultra capacitor 
banks, hydrogen buffer) to the distributed power plants for compensating the 
power demand during the low production periods (e.g. during the night for PV 
systems, during silent wind periods). In addition, the consumers can supply 
energy to the grid by means of a local (e.g. roof mounted) power plant, 
regenerative braking of electrical drives and vehicle-to-grid systems. Many DG 
sources cannot be connected directly to the AC systems, hence they require 
power electronic interface. To easily connect these new energy sources to the 
grid and improve the power quality by harmonic filtering, voltage sag 
correction, dynamic control of the power flow etc., a new power electronic 
transformer (PET) is required. 

As compared to the conventional line frequency transformer, the PET has 
lower mass and volumes. This is achieved thanks to the high frequency isolation 
stage, where the required power density of the magnetic core can be achieved at 
lower volumes. Isolation stage presents a high-frequency isolated DC/DC 
converter. The research has shown that isolation stage will mostly determine the 
volumes, efficiency and overall performance of the PET since the most 
important power conversion stage takes place in the isolation stage. That makes 
the isolation stage of the PET an interesting subject of the research. 

The aim of the doctoral thesis is to determine the challenges of commonly 
used high frequency isolated DC/DC converters nowadays and to propose three 
new power electronic building blocks (PEBB-s) for the low voltage side of the 
isolation stage in order to optimize the voltage and power regulation. One of the 
most widely used DC/DC topology nowadays is the dual active bridge (DAB). 
The DAB has good power control capabilities but it lacks the voltage regulation 
properties. The proposed PEBB-s allow us to simultaneously regulate the 
voltage and the power level by means of the improved modulation method. The 
voltage step-up is achieved by simultaneous turn-on of the inverter switches on 
the low voltage side. During this state the energy is stored in the filter 
inductances and later directed to the output. 
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The proposed PEBB-s are: i) current doubler rectifier with bi-directional 
power flow capability; ii) quasi-Z source based inverter; iii) current-fed DC/DC 
converter with active clamp. The combination of the proposed PEBB and the 
traditional voltage source inverter results in the new topologies, where the 
switches on both sides of the bridges are controlled simultaneously. 

In the thesis the mathematical models of the proposed PEBB-s are presented. 
The conduction losses, switching losses, component voltage and current stress 
are analyzed analytically and experimentally. The operating principle of the 
proposed PEBB-s was verified with the simulations and experimentally. The 
results have shown that the proposed PEBB-s have good voltage control 
capabilities, they can reduce the current and voltage stress on the components, 
that in turn results in smaller switching losses. In addition, the thesis presents 
the design guidelines for the proposed PEBB-s. These guidelines can be used in 
the circuit design of the PEBB-s for the applications, where the voltage 
regulation range is necessary, for example to connect the battery with the 
electrical bus with a higher voltage. 
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Kokkuvõte 

Jõuelektroonilise trafo isolatsioonilüli uudsete topoloogiate uurimine ja 
arendamine 
 
Kaasaegne elektrisüsteem koosneb põhivõrgust, jaotusvõrgust ning tarbijatest, 
kus elektrienergia voog kulgeb tootjatelt tarbijatele. Elektrivõrk täieneb pidevalt 
uute taastuvenergiaallikatega (nt tuulegeneraatorid, päikesepaneelid jm), aga ka 
salvestusseadmetega (nt patareid, vesinikpuhvrid, veepumbajaamad jm). Lisaks 
sellele toodavad kasutajad elektrienergiat lokaalsetest taastuvenergiaallikatest 
ning suunavad vajadusel toodetud energia võrku tagasi. Sellises süsteemis on 
energiavoogude liikumine kahesuunaline, nii tootjatelt tarbijatele kui ka 
vastupidi. See seab kindlad nõudmised elektrivoogude juhtimisele, millega 
kaasaegne elektrisüsteem hakkama ei saa. Selle probleemi lahendamiseks on 
välja pakutud jõuelektroonilise trafo kontsept, mis tagaks galvaanilise eralduse 
erinevate võrguosade vahel ning suudaks korraga teostada nii pinge 
muundamist, energiavoogude kontrolli kui ka elektrienergia kvaliteedi 
parendamist. 

Võrreldes tänapäeval kasutatavate madalsagedustrafodega omab jõuelektroo-
niline trafo väiksemaid mõõtmeid ning kaalu, ei vaja muid lisaseadmeid ning 
isoleerib sisendi- ja väljundipoolseid häiringuid üksteisest. Mõõtmete 
vähenemine on saavutatud tänu kõrgsagedusliku (f ≥1 kHz) isolatsioonilüli 
kasutamisele, mis võimaldab saavutada vajaliku võimsustiheduse väiksema 
trafo südamiku korral. Kõige perspektiivsemaks loetakse tänapäeval 
kolmeastmelist jõuelektroonilist trafot. See koosneb juhitavatest sisendist ja 
väljundist, kahest erineva pingega alalispingesiinist ning isolatsioonilülist. 
Isolatsioonilüli on jõuelektroonilise trafo võtmeelemendiks, kuna seal toimub 
kõige olulisema tähtsusega pinge muundamise protsess. Siit võib järeldada, et 
isolatsioonilüli määrab suuremas osas ära kogu jõuelektroonilise trafo 
gabariidid, kasuteguri ning üleüldise jõudluse. See asjaolu teeb 
isolatsinoonilülist huvitava uurimisobjekti. 

Isolatsioonilüli saab jagada kaheks jõuelektroonika funktsioonplokiks ja 
kõrgsagedustrafoks. Jõuelektroonika funktsioonploki all mõistetakse jõu-
elektroonika muundurit. Käesolevas doktoritöös uuritakse isolatsioonilüli 
topoloogiaid. Välja pakutakse kolm uut jõuelektroonika funktsioonplokki 
(muundurit), mis võimaldavad optimeerida energia muundust. Väga võimsates 
muundurites kasutatakse tänapäeval kõige laialdasemalt aktiivset täissilda (Dual 
Active Bridge). Paraku puudub sellel topoloogial pinge reguleerimise võimalus, 
mistõttu on selle funktsionaalsus pinge kõikumiste korral piiratud. Uued 
väljapakutud jõuelektroonika funktsioonplokid võimaldavad stabiliseerida 
toitepinget ning juhtida võimsust kasutades faasinihke modulatsiooni (phase 
shift modulation). Pinge tõstmine käib erilise lühisoleku abil, mis saavutatakse 
vaheldi lülitite samaaegsel sisselülitamisel, mille tulemusena salvestub energia 
alalisvooluvahelülis asuvasse filtrisse. Doktoritöö autori poolt väljapakutud 
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jõuelektroonika funktsioonplokkideks on: i) kahesuunaline voolukordistil 
baseeruv pinget tõstev muundur, ii) kvaasiimpedants-allikaga pinget tõstev 
muundur, iii) pinget tõstev alalispingemuundur aktiivse summutusahelaga 
(active-clamp). 

Kõigi kolme uudse topoloogia kohta on koostatud matemaatilised mudelid, 
juhtivus- ja lülituskadude analüüs, komponentide pinge ja voolu taluvuse 
analüüs. Topoloogiate tööpõhimõte on kontrollitud nii modelleerides kui ka 
katseliselt. Tulemused näitasid, et väljapakutud uued topoloogiad on heade 
pinget kordistavate omadustega, nad alandavad komponentide pinge ja voolu 
taluvuspiiri, mis omakorda vähendab lülituskadusid. Selle tulemusena laieneb 
muundurite juhtimisvahemik. 

Lisaks sellele on koostatud projekteerimismetoodika voolukordisti 
dimensioneerimiseks ning komponentide valimiseks, samuti arvutusvalemid 
teiste topoloogiate elementide dimensioneerimiseks. Voolukordisti jaoks 
koostatud projekteerimis-metoodikat võib kasutada rakendustes, kus väga lai 
pinge reguleerimise vahemik on vajalik nt. akude ühendamine kõrgepingeliste 
seadmetega. 
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����������������������������������������������������������������������	
�
�
	��������������������������������� 	� �

!�"#�$%&'(�)*+�,-'%.%&/%(�0*0*+�1%23(�0*+�,-'%4(�$*+�(�5)-3/67�8%279�6-::3&%&;-4�;4�:%&/;<�6-4=7/&7/�>79�.-?7/�7@76&/-4;6�&/%42>-/:7/�>-/�.-?7/�2A2&7:2�%..@;6%&;-4(5�BCDEF�GHEIJFCKLIM�GHEIJFLINH�OFLPEM�QRJCSNJLCK�NKT�UCJLCK�V�BGGOQUWX� 	�	��KJEFKNJLCKNH��YSZCMLRS�CK�(�=-@*(�4-*(�..*[�\�][�\�(�["][��̂347��_[_�!�̀#�1%23(�0*+�a3.&%(�b*0*+�$%&'(�)*+�c%2&7@;4-(�a*d*+�,-'%.%&/%(�0*0*+�,-'%4(�$*+�(�5b727%/6'�;4�:%&/;<]6-4=7/&7/�8%279�&'/77].'%27�.-?7/]7@76&/-4;6�&/%42>-/:7/2(5�BCDEF�GHEIJFCKLIM�eCKfEFEKIE�V�BGeWX� 	�	��KJEFKNJLCKNH�(�=-@*(�4-*(�..*�ghh]�\_i(��[]�"�3̂47��_[_�!��#�j/797(�k*+�)&%39&(�l*+�)&7;:7@(�m*+�(�5n72;o4�->�%4�7@76&/-4;6�.-?7/�&/%42>-/:7/(5��Gep��	 �q�KTRMJFLNH�GHEIJFCKLIM��CILEJYX��GGG� 		 � rJs�QKKRNH�eCKfEFEKIE�Cf�JsEt�(�=-@*�(�4-*(�..*�[i\_]�[i\̀�=-@*�(�̀]\�$-=*��__��!�g#�k74o2;�u;4+�0;:8%@@(� *̂j*+�(�5m�6-:.%/%&;=7�7>>;6;746A�2&39A�->�2;@;6-4]8%279�2-@;9�2&%&7�&/%42>-/:7/2(5�v47/oA�c-4=7/2;-4�c-4o/722�%49�v<.-2;&;-4�wvccvx(��_[_�yvvv�(�=-@*(�4-*(�..*["̀\]["�i(�[�][��)7.&*��_[_*�!�\#�17@9z%z7=(�l*+�b-%2&-(�y*+�l;44;{-=(�n*+�(�5m4%@A2;2�->�63//74&�9-38@7/�/76&;>;7/�8%279�';o'�>/7|3746A�;2-@%&;-4�2&%o7�>-/�;4&7@@;o74&�&/%42>-/:7/(5�eCSZNJL}LHLJY�NKT�BCDEF�GHEIJFCKLIM�VeBGWX� 	���
Js��KJEFKNJLCKNH�eCKfEFEKIE�~CF�MsCZ�(�=-@*(�4-*(�..*ii�]i"[(�[]i�̂347��_[[�!�h#�,%4z/7{%/(� ,*n*+� 0;7>7/49-/>(� b*+�l74{%&%/%:%4%4(�a*+�(�5�-?7/�7@76&/-4;6�&/%42>-/:7/2�>-/�3&;@;&A�%..@;6%&;-42(5��KTRMJFY�QZZHLINJLCKM�eCKfEFEKIEX� 			�eCKfEFEKIE��EICFT�Cf�JsE� 			��GGG�(�=-@*"(�4-*(�..*�"h�]�̀_��=-@*"(��6&��___����������������������������

!i_#�y:%4]v;4;(�k*+�d%/'%4o;(�)*+�(�5m4%@A2;2�%49�n72;o4�->��-?7/�v@76&/-4;6��/%42>-/:7/�>-/�,79;3:�l-@&%o7��7=7@2(5�BCDEF�GHEIJFCKLIM��ZEILNHLMJM�eCKfEFEKIEX� 		��BG�e��	���
Js��GGG�(�=-@*(�4-*(�..*[]̀(�[\]���̂347��__��!i[#�1'%&&%6'%/A%(�)*+��;7>3��'%-+�a%4oA%-�j%4o+�n3&&%(�)*+�)734o'34�1%7{+��3�n3+��%/{';97'(�1*+��;%-'3��'-3+�k3%4o(�m*u*+�(�5n72;o4�%49�97=7@-.:74&�->�a747/%&;-4]y�2;@;6-4�8%279�)-@;9�)&%&7��/%42>-/:7/(5�m..@;79��-?7/�v@76&/-4;62�c-4>7/7467�%49�v<.-2;&;-4�wm�vcx(��_[_��?74&A]d;>&'�m443%@�yvvv�(�=-@*(�4-*(�..*[���][�gi(��[]�̀�d78*��_[_*�!i�#�y:%4]v;4;(�k*+�)6'%474(�̂*+�d%/'%4o;(�)*+�1%/8%/-3<(�̂*+�07/%976(�̂*+�(�5m�.-?7/�7@76&/-4;6�8%279�&/%42>-/:7/�>-/�>779;4o�2742;&;=7�@-%92(5�BCDEF�GHEIJFCKLIM��ZEILNHLMJM�eCKfEFEKIEX� 		r�BG�e� 		r��GGG�(�=-@*(�4-*(�..*�̀"h]�̀`̀(�[̀][h�̂347��__\�!ii#�1%4%7;(�,*b*+�)%@%/A(�v*+�(�5�-?7/�|3%@;&A�;:./-=7:74&�8%279�-4�4-=7@�.-?7/�7@76&/-4;6�&/%42>-/:7/(5��-?7/�v@76&/-4;62(�n/;=7�)A2&7:2�%49��76'4-@-o;72�c-4>7/7467�w�vn)�cx(��_[[��49�(�=-@*(�4-*(�..*�\�]�h[(�[�][g�d78*��_[[�!i"#�n*�j%4o(�c*�,%-(�̂*��3(�)*�d%4(�d*�*��74o(���'7-/A�%49�%..@;6%&;-4�->�9;2&/;83&;-4�7@76&/-4;6�.-?7/�&/%42>-/:7/(��v@76&/;6*��-?7/�)A2&*�b72(�=-@*�gg(�..*��[h����(�,%/6'��__g�!ì#��;4oo/74(�b*+��;�k3+��7��%4o+�,%&'7?2(�k*+��A47/(�b*+�(�5�-?7/�>%6&-/�6-4&/-@@7/]%4�;4&7o/%&79�.-?7/�|3%@;&A�97=;67(5��FNKMSLMMLCK�NKT�OLMJFL}RJLCK�eCKfEFEKIEX�������GGG�(�=-@*�(�4-*(�..*̀g�]̀g\�=-@*�(�[[][��m./�[hhh�
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���������	
�������������������������������
�������������������������	�����������������
���
�����������������������������	�������	���������������� !"#�$%"&'# ()&�* (+"#'"#,�-(.�/00%)&-') (,�1�2034-�"%"4'# ()4-,�05#+"). '56)�

��

789 :;<=>�?@ A 7B7CD EFG�HIJKLM ��NOP��P�
NQORST��UOS��VWVRVOX�YN�Z����UQ[���T��T���\VQ]Ŝ�ŜP�
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��� ���12345� 67� 89:;<� =>?@A� 1BCDE�FGH� IB3DJ� 1KL@M���� *�������N��O!�+�,�)��(+�+#(�%$�-./��)�+,#�$%&!�&*�'%*#�������+�"#�(+�+#�%$�PQR�PST����%"#& ���%$�PQR�PUT������+�"#�(+�+#�%$�V�PUT�*��%"#& ���%$�V�W�X���� ��������Y��O!�+�,�)��(+�+#(�%$�-./��)�&#"#&(#�'%*#�������+�"#�(+�+#�%$�PZT����[#&%�(+�+#�%$�\�]̂_�]̀ abcd�ef�cè aeghgd�iejjhj�eg�dkh�hff]c]hgcl�]m�nopqo�rn�stuvwvrtrq�rxq�vyztur�ns�rxq�unyznmqmr�wn{{q{�nm�rxq�n|qotww�q}uvqmu~�ns�rxq�c���rxq�ytrxqytrvutw�ynpqw{�sno��nrx�nzqotrvm��ynpq{��qoq�tmtw~�qp�vm�pvssqoqmr�nzqotr�m��znvmr{_�dxq�vyztur�ns�rxq���������������nm�rxq�n|qotww�qs�uvqmu~��t{�tmtw~�qp_�̀ noqn|qo��rxq�tmtw~{v{��t{�u��vqp�n�r�sno�rxq�pvssqoqmr�p�r��u~uwq���|tw�q{_�dn�|qov��rxq�ytrxqytrvutw�oq{�wr{�nm�rxq�pqynm{rotrno�nmq���qp�nzqotrvm��znvmr��vrx�pqrqoyvmqp�u�ou�vr�ztotyqrqo{��t{�{qwqurqp_�dxq�ztotyqrqo{�ns�

rxq�uvou�vr�t{��qww�t{�rxq�]��d�r�zq{�tmp�rxq�o�un�q{znmp�m��pov|qo{�toq�zoq{qmrqp�vm�rxq�dt�wq��_���q�rn�rxq�pvssqoqmr�unm�nw�zovmuvzwq{�ns�rxq��nrx�nzqotrvm��ynpq{��tw{n�pvssqoqmr�p�r��u~uwq�|tw�q{��qoq��{qp_�dxq�n|qotww�q}uvqmu~�ns�rxq�c����t{�q{rvytrqp��{vm��rxq�otrvn�ns�rxq�n�rz�r�{vpq�zn�qo�����tmp�rxq�vmz�r�{vpq�zn�qo� ¡�¢pqzqmpvm��nm�rxq�nzqotrvm��ynpq�ns�rxq�c��£��rxtr�utm��q��ovrrqm�t{�snwwn�{�
¤¥¦¦�



����
� � � ��	
����	�
��������������������������������� �����
���� 
���� �!� �"���#$��%&
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