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LC
LFT
LLC
LLC-HB
LV
MF
MOSFET
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PSM
PV
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qZS1
RCD
TR
VSI
ZCS
VA
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active distribution network

continuous conduction mode

current doubler rectifier

current-fed DC/DC

dual active bridge

discontinuous conduction mode

distributed generation

dual half bridge

full bridge
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high frequency

high power
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Insulated Gate Bipolar Transistor

improved modulation method

circuit consisting of inductance L and capacitance C
line frequency transformer

resonant circuit consisting of two inductors and one capacitor
HB with and LLC network

low voltage, below 1 kV (according to ANSI C84.1)
medium frequency

Metal Oxide Semiconductor Field Effect Transistor
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power electronic building block

power electronic transformer

power factor correction

phase shift modulation
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transformer
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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 35kV 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

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

e to analyze the current state-of-the-art technologies and development trends
of the isolated bi-directional high frequency DC/DC converters;

e 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;

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

e 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
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(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:

e 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;

e 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;

e 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:

e improved modulation method for the qZSI and current-fed DC/DC converter
with an active clamp to increase the voltage and power regulation range;

e experimental investigation of the proposed power electronic building blocks
regarding their impact on the component voltage and current stresses;

e 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.

Power Electronic
Transformer
¥ | V
Single-stage Two-stage Three-stage
|
v v
With LV With MV
DC-link DC-link

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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f=50Hz f=50Hz
o—— N ~ |—o0

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.
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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.

¢ Input Stage 'a ] ™ COntnut Staae)
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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 D; and D, 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 Cj.
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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.

) o
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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.
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Figure 2.8. Schematic of a half-bridge LLC DC/DC converter topology used
in the PET of the traction system.
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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 Lgk, 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 ¢ 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 Nz, the voltages on MV and LV side, Uy and Uy
respectively, switching frequency fs and the leakage inductance of the
transformer Lz in the following way:

NTRUMVULVD (1 ‘D ‘)
2fS TR

where D, is the duration of the phase shift 7, 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.

1<D, <1, (2.1)
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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 Iz and the
capacitor I¢;, Ic; 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.

Pvy=—>
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VSI PEBB
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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:

e CDR PEBB: current doubler rectifier (CDR) with bi-directional power flow
capability;

e qZSI PEBB: quasi-Z-source inverter (qZSI);

e 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 3.25b.
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Figure 3.2. Improved modulation method. a) typical waveforms; b) schematic of the
circuit; ¢) 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 ¢,...z; 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 3.2¢. The rising slope of the transformer
current /7z can be expressed as follows:

Uy Nog

Aigg =irp o+ Atty <t<1, 3.1

TR

where irg is the initial transformer current value at time instance 7y and Lz
designates the leakage inductance of the MF transformer. During the
freewheeling time interval ¢#;...¢, current slope of the iy remains constant. The
equivalent circuit of the freewheeling state is shown in Figure 3.2d. During the
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active state #,...7; 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:

U,, -U,yN
Airg :W-Amz <t<ty. (3.2)
TR

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 Lz, the transferred power from the LV port to the
MYV port can be expressed in the following way:

2NU vy —U;p)D,(1—D
CN U yy 'LV) o S),OSD(/,SDS, (3.3)
4fsLr

where D, is the relative duration of the phase-shift and Dy designates the
relative duration of the shoot-through state. As can be seen, the transferred
power is a function of Ds and D,, 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 Dy. Increasing D, 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.

P=U,;, -

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 75 and 75, and inductors are replaced with the
transformers TR,,; and TR,,.,;. An auxiliary circuit is attached to the CDR in
order to provide freewheeling path for the energy stored in the auxiliary
transformers TR,,.; and TR, and mitigate the occurrence of the overvoltage
peaks on the switches when operating with the duty cycle D4 <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

27



through the antiparallel diodes of 7 and Ts on the LV side. In the reverse
operating mode the switches 7 and T 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 T and T are controlled with the duty cycle
D > 0.5 and the boost factor b equals to:

u 1
b:uM_Vzl—D "Nz s (3.4)
LV A

where D, is the duty cycle of the gate signals for 75 and T, and Nz 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 T and Ts becomes D, < 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:

b=t _ Nre [2NW _1-2D, J (3.5)
Ury Naux DA

where N,,, is the turn’s ratio of the auxiliary transformers 7R ,,.; and TR ..
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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: 1) 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 D> 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:

PLV
2'ULV

(3.6)

Iaux,A v =

Inductance of the auxiliary transformer depends on the allowed current ripple
Al value. The current through the auxiliary transformer reaches its maximal
value at the end of the duty cycle D4. Thus, considering the maximum duty
cycle D44y and the switching frequency fs, the inductance can be determined
according to 3.7

_ 2'U2V 'DA,MAX
Py fskp
where k; represents the ratio of the current ripple and the average current
A/l 4y. 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:

CzL,
AU -2 fs

L (3.7)

(3.8)

where Al is the current ripple, AU 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 By (derived from the saturation
flux), core area A4,, 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:

Ny = (3.9)

NMV UMV'(l_DA)'NLV . (310)

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 75 and T
can be estimated according to 3.11 in the following way:

U
LV (3.11)

U =
T6.MAX =T Dy
As can be seen, at high D, values the steady state voltage stress on the switches
can be enormous, e.g. for D, = 0.8 a voltage stress 500 % of Uy 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 7 occurs
when /5 reaches its maximum level, at the end of the duty cycle D max.

Average current through the switch is half the input current

1
[T6,AV :E'ILV' (3-12)

The peak current through the switch can be obtained according to 3.13

U 1+D
IT()‘MAX - LauxL.VfS ( ;,MAX ] ’ (3‘13)

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 D,<0.5. The auxiliary circuit consists of the auxiliary
transformers TR,,.; and TR,,.,, diodes D,,,; and D,,,, and one switch T,,.. In
order to select the turn’s ratio of the auxiliary transformers N,,,, 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 D7, Dauno. The
maximum blocking voltage of the auxiliary diodes can be obtained as follows

Uprevax =Ury '(1+Naux), (3.14)

where N, 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:

[D,AVZILV'Naux(l_zDA)- (3.15)

The maximum steady-state voltage on the switch 7 and Ty can be evaluated as
follows:

(4 N (3.16)

UT6,MAX = ULV : N

aux

As can be seen from 3.14 and 3.16, increasing the N, 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 N,,, should be chosen as 1:1 as shown in 3.17

Up.revmax =Urepax = Naux =1. (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 N,,, minimum value to

1-D,
DA

: (3.18)

N aux,MIN =

where D, represents the duty cycle for the operation mode with D, <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 D,<0.5 in the continuous
conduction mode. From the steady-state analysis presented in [PAPER-III], the
N selection can be made according to the required boost factor. The N, can
be selected according to the required voltage boost b in the following way:

Nig (2D, —1)

ax = (3.19)
DA '(b_z'NTR)

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 7. It is
needed to detach the auxiliary circuit from the CDR in case the duty cycle
D, <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

T =2-1p 4y (3.20)

The maximal voltage stress on the switch, however, is applied during the
operation mode with D, > 0.5, when the auxiliary circuit is disabled. The
voltage stress on the switch can be calculated as follows:

2Dy ppax —1
Urgemax =Ury '|:Naux [T . (3.21)
AMAX

Although the auxiliary circuit is disabled in the operating mode with D, > 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 L; and L,, two capacitors C; and C», a diode D;, and a switch S;. 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 Ts...Ts of the qZSI PEBB. During the shoot-through state the energy is
stored in the inductances of the qZS network while the diode D, prevents the
short circuit of the capacitors C; and C,. To allow the energy flow in both
directions, the diode D; is shunted with the switch S; 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.
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Figure 3.5. Operating principle of the gZS-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 7T’ rises rapidly during ¢...¢;, and
continues to rise with the same slope as the inductor L; and L, current during
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t;...t;. The voltage on the DC-link of the qZSI PEBB can be obtained in the
following way:

1

-, 3.22
1-2Dy (322)

Upc =Urypc -

where Dy 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

UMV,DC =Upc-Nrg.- (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 L;, L,, capacitors C;, C; and diode D,
apply in the reverse operating mode. The inductances of the gZSI 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 L; and L, can be estimated as follows:

U%[/ _ D max (1 —Dg pax ) (3.24)

B

PLV,MAX'fS'kI 1_Z'DS,MAX

where Pryauxis the power at the maximum phase angle and the shoot-through
duty cycle Dgaux value, k; designates the ratio of the current ripple and the
average current A1;/1; 4y,

Next, in order to limit the voltage ripple, the capacitors should be
dimensioned accurately. The voltage ripple depends on the maximal shoot-
through duration Dg 4x. During the shoot-through state the capacitors C; and C,
are connected in series and thus the capacitance of each capacitor, assuming that
capacitors are equal, can be obtained in the following way:

2. PLV,MAX
C_—'DS,MAX (1 _2'DS,MAX)’ (3-25)

ULy fs ky
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where ky is the ratio of the voltage ripple and average voltage on the DC-link
kU =4 U/ U, DC-

Other elements of the qZSI PEBB are the diode D; and the switch S;. The
maximal reverse voltage stress on the diode D; and the switch S; (open state)
applies during the shoot-through state of the inverter switches T5...7Ts, and can
be estimated in a similar way as 3.23:

1

UDI,REV,MAX = USI,MAX =Upy - T . (3-26)
4 Vs Max

The average current through the diode can be estimated as follows:

Pry max
Ipiay = U . (3.27)
v

The current rating of the switch §; 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 75...7Ts applies
during the non-conducting state of the switches and is equal to the voltage value
on the DC-link

Up, =Upe. (3.28)

The average current through the switches in the reverse operating mode at the
maximal power level P,y y.4x can be found according to 3.29 in a following way:

P
Iy, = (3.29)
2-U;y

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 L;, a capacitor C;, a controllable switch 7 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 L; and redirected to the MV port
during the active state. The switch 7¢ is turned off during the shoot-through
state in order to prevent the short circuit of the capacitor C;.

CF-DC/DC PEBB

Ol Q
VSI
Uwooe | pppp Uj"’”
o0—

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:

(3.30)

Upc :ULV,DC'I_DS .
It has the following advantages over the DAB: 1) 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 7¢.

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 D4 = 0.6, shoot-through is Dg= 0.1 and the phase
shift value is D, = 0.1. The transformer turn’s ratio is N7z = 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 U, =300V at U,,=130V. The qZSI PEBB
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reaches Uy =300V at U,y =250 V voltage level on the LV side. The LC-filter
based DAB reaches U, =300 V voltage on the MV side at Uy =280 V.
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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
IRG7Ph42udIpbf were chosen for the LV port VSI and IRG4PH50UDPbf for
the MV port VSI. A low voltage side voltage of U;=30V and high voltage
side Uyy=200V are used during the experimental investigation. A
DSPIC33FJ64GS606 microcontroller is used to generate the gating signals for
the IGBT driver circuits. The /R2181 type IGBT drivers are used to control the
switches on the MV side VSI PEBB and M(C33153 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 U,y 30V (DC)
Medium side voltage Uy, 200 V (DC)
Saturation voltage of IGBT-s (LV) Ucg 1.7V
Saturation voltage of IGBT-s (MV) Ucg 27V
Voltage drop of the diodes Up 1.1V
Blocking voltage of the IGBT-s 1200 V
Nominal collector current I 30A
Switching frequency fs 30 kHz
MV port HF Transformer LV port
> 0— — 0«
Load/ sl }|€ PEBB Load/
Supply. PEBB 1.3 Supply.
> 0— —— —0 <
t ]
Control
uc

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

38



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 CF-DC/DC
PEBB CDR PEBB qZS1 PEBB PEBB
No. of switches 4 3 5 5
No. of diodes 4 4 5 5
No. of passive ) 3 4 5
elements
ZV turn-on Yes Yes Yes Yes
Need ff)r spubber No Yes No No
circult
Boost factor
U 1 N # . ; .
b:—UMV - 1-p, ™ 1-2Dg 1-Dg
LV
Voltage Uy | 400%-U,, " | 200% U, T | 130%-U,, "
regulation range
On-state switch U Uy Uiy Uy
voltage stress Lr 1-D, 1-2D; 1-Dg
Contrql Simple Medium Simple Medium
complexity
Slllort-01r.cu1t No Yes Yes No
immunity
"Dy =60 %.
" Dg=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
D, = 0.6, (thus shoot-through duration is Ds=0.1) and the phase shift relative
duration was D, = 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 P,gpr depend linearly on the
collector-to-emitter voltage drop ucg and the current i, flowing through it. This
can be evaluated as follows:

Popr = uCE(t)'iC(t)'dt:UCE']C,AV+rC']é‘,RMS, 4.1)

S|
Sy S—

where T is the duration of the switching period, /¢4y is the average current that
flows through the switch, r¢ is the on-state resistance of the switch and /¢y 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 up of
the diode with the forward current ip

~

s

1
Pp =

N

”D(’)‘iD(t)‘df:UD'ID,AV+”D‘112>,RMS, 4.2)

© ey

where Up is the voltage drop over the diode and /p 4y is the average current of
the diode, rp is the on-state resistance and Ip s 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:

t f
Poy = Jucl0)i.(0-dr Jucle)-1.0)-de | =S Ul fylt +10g). - (43)
Wl 13

where Uc is the supply voltage, Ic is the average collector current, f; is the
switching frequency, ¢,, is the turn-on duration, and 7, 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).
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Figure 4.1. Switching sequence of the LV side switch Ty on the same power level:
a) DAB; b) CDR-DAB; ¢) qZS-DAB; d) CF-DC/DC-DAB.

The switching sequences of the switch 7 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
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the CDR PEBB is shown in Figure 4.15, 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 D, (see Figure 3.4) and
on the resistances of the inductors L; and L,. The switch 7. 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.

g Conduction losses Switching losses

Power (W)

DAB CDR-DAB qZ5-DAB CF-DC/DC-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 4.1b0). 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 4.1¢,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 T¢. 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 (Uy ysf(p.u.) = 1.0; Ixysi(p.u.) = 1.0).

Table 4.1 shows, that the overvoltage peak on the switch 7 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 7 (p..) 2.05 0.75 0.9
Switch 7;RMS 1.16 111 111
current (p.u.)
Peak current of the
switch T, (p.w.) 0.84 0.88 0.81
Transformer RMS 08 0.9 0.92
(p-u.)
Transformer peak 072 073 077
current (p.u.)
Capacitor RMS 0.53 0.79 0.89
current (p.u.)

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:

Puv _Twy Uny (4.4)
Py Iy Uy

77:

where Iy, Iy are the current on the MV and LV ports, and Uy, U,y 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 %.
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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

46



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 Ny designates the transformer turn’s
ratio, L is the inductance used in the filters, Lz is the leakage inductance of the
MF transformer, C is the capacitance used in the filters. The losses in the
switches are neglected.

Umv Uiy

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;;)AC];DC

ULy 20...30V
Uny 200V

f 20 kHz
Nrg 1:6.6 1:3 1:6.6 1:6.6

L - 500 pH 150 pH 150 pH
Loy 7 pH S5uH 7 nH 7 nH

C 100 pF 220 pF 50 uF 50 uF

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 (U, =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
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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.
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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 | 1.10 1.00 1.00

(p-w)
Current overshoot | 1.05 120 126

(p-u.)

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 = 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 4.5¢) 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 # = 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 (U, =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 = 1.56 ms settling time. The longest settling time ¢ = 1.93 ms
has been observed for the CF-DC/DC-DAB (see Figure 4.6d). Moreover, a long
settling time ¢ = 1.85 ms was observed for the qZS-DAB (see Figure 4.6¢). The
fastest response to the line regulation with settling time = 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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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 | 1.08 1.00 1.00
(p.u.)
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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: 1)
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 ¢ZS-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 (GalN) 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
MYV and LV ports.
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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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Kokkuvote

Jouelektroonilise trafo isolatsiooniliili uudsete topoloogiate uurimine ja
arendamine

Kaasaegne elektrisiisteem koosneb pohivorgust, jaotusvorgust ning tarbijatest,
kus elektrienergia voog kulgeb tootjatelt tarbijatele. Elektrivork tdieneb pidevalt
uute taastuvenergiaallikatega (nt tuulegeneraatorid, paikesepaneelid jm), aga ka
salvestusseadmetega (nt patareid, vesinikpuhvrid, veepumbajaamad jm). Lisaks
sellele toodavad kasutajad elektrienergiat lokaalsetest taastuvenergiaallikatest
ning suunavad vajadusel toodetud energia vorku tagasi. Sellises siisteemis on
energiavoogude liikkumine kahesuunaline, nii tootjatelt tarbijatele kui ka
vastupidi. See seab kindlad ndudmised elektrivoogude juhtimisele, millega
kaasaegne elektrisiisteem hakkama ei saa. Selle probleemi lahendamiseks on
vilja pakutud jouelektroonilise trafo kontsept, mis tagaks galvaanilise eralduse
erinevate vorguosade vahel ning suudaks korraga teostada nii pinge
muundamist, energiavoogude kontrolli kui ka elektrienergia kvaliteedi
parendamist.

Varreldes tdnapdeval kasutatavate madalsagedustrafodega omab jouelektroo-
niline trafo vdiksemaid md&otmeid ning kaalu, ei vaja muid lisaseadmeid ning
isoleerib sisendi- ja véljundipoolseid héairinguid {iksteisest. Modtmete
vihenemine on saavutatud tdnu korgsagedusliku (f>1 kHz) isolatsiooniliili
kasutamisele, mis voOimaldab saavutada vajaliku voimsustiheduse viiksema
trafo siidamiku korral. Koige perspektiivsemaks loetakse ténapideval
kolmeastmelist jouelektroonilist trafot. See koosneb juhitavatest sisendist ja
viljundist, kahest erineva pingega alalispingesiinist ning isolatsiooniliilist.
Isolatsiooniliili on jouelektroonilise trafo votmeelemendiks, kuna seal toimub
kdige olulisema tihtsusega pinge muundamise protsess. Siit voib jéreldada, et
isolatsiooniliili mé&drab suuremas osas &dra kogu jouelektroonilise trafo
gabariidid, kasuteguri ning Tleiildise joudluse. See asjaolu teeb
isolatsinooniliilist huvitava uurimisobjekti.

Isolatsiooniliili saab jagada kaheks jouelektroonika funktsioonplokiks ja
korgsagedustrafoks. Jouelektroonika funktsioonploki all mdistetakse jou-
elektroonika muundurit. Kéesolevas doktoritdds uuritakse isolatsiooniliili
topoloogiaid. Vilja pakutakse kolm wuut jouelektroonika funktsioonplokki
(muundurit), mis voimaldavad optimeerida energia muundust. Viga voimsates
muundurites kasutatakse tdnapédeval koige laialdasemalt aktiivset tdissilda (Dual
Active Bridge). Paraku puudub sellel topoloogial pinge reguleerimise vdimalus,
mistdttu on selle funktsionaalsus pinge kdoikumiste korral piiratud. Uued
véljapakutud jouelektroonika funktsioonplokid vdimaldavad stabiliseerida
toitepinget ning juhtida vdimsust kasutades faasinihke modulatsiooni (phase
shift modulation). Pinge tdstmine kéib erilise lithisoleku abil, mis saavutatakse
vaheldi liilitite samaaegsel sisseliilitamisel, mille tulemusena salvestub energia
alalisvooluvaheliilis asuvasse filtrisse. Doktoritdd autori poolt véljapakutud
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jouelektroonika funktsioonplokkideks on: i) kahesuunaline voolukordistil
baseeruv pinget tdstev muundur, ii) kvaasiimpedants-allikaga pinget tdstev
muundur, iii) pinget tdstev alalispingemuundur aktiivse summutusahelaga
(active-clamp).

Kbigi kolme uudse topoloogia kohta on koostatud matemaatilised mudelid,
juhtivus- ja lilituskadude analiilis, komponentide pinge ja voolu taluvuse
analiiis. Topoloogiate t66pohimdte on kontrollitud nii modelleerides kui ka
katseliselt. Tulemused niitasid, et viljapakutud uued topoloogiad on heade
pinget kordistavate omadustega, nad alandavad komponentide pinge ja voolu
taluvuspiiri, mis omakorda vdhendab liilituskadusid. 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 voib kasutada rakendustes, kus véga lai
pinge reguleerimise vahemik on vajalik nt. akude ithendamine kdrgepingeliste
seadmetega.
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Annomayua — KoHCTpyKIMsi TpPaAMIHOHHOIO TpaHc(oOpMATOpa OTJIHMYAETCH KPYNHBIMH
radapuramu u 0oJbmiuM BecoM. Takike, JaHHble TpaHchopMaTopbl 00/1aJaI0T NMOBLIILEHHOI
YyBCTBHTEJIbHOCTBI0 K TaPMOHHKAM M HMEIOT PAJ APYIHX HeJ0CTATKOB. AJIbTEPHATHBHBIM
pelieHHeM MoOKeT ObITH TpaHcGOpMATOpP HAa CHJIOBOH DJJIEKTPOHHUKeE, KOTOPBI HMeeT
ynpasJisieMble BXOJ H BBIXOJ, ralbBaHHYeCKYI0 Pa3Bf3KYy, I0Jb30BaTeJbCKMi MHTepdelic, a
TaK:Ke BCTPOCHHbIe (PYHKIMH, I03BOJIAIOIIME YNPABJIATbH IHEPronoToKaMu, OTCJIEKHBATH

COCTOSIHHE CUCTEMBI U MHOI'0€ JIpyroe.

Knwuesvie cnosa -
3JIEKTPOEHEPT UM, pa3npeaeuTelbHas ceTh

INTRODUCTION

The distribution transformers are one of
the  fundamental and  indispensable
components in power distribution systems.
Their cost is relatively inexpensive, they are
highly reliable and fairly efficient. However,
heavy weight, large volumes, harmonics
sensitivity, voltage drops under load and
environemental issues regarding mineral oil,
are serious drawbacks of these transformers.
Growing number of renewable energy
sources results in rising number of
distributed power plants and non-linear loads
which are principally subject to substantial
energy fluctuations [1], [2]. Such sources
have negative impact on the power quality in
the medium voltage (MV) and low voltage
(LV) power distribution network [3]. Many
distributed generation 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 is required
(PET).

PET is a new type of transformer based
on the power electronic conversion, that aims
to better voltage regulation, power
transmission, isolation and power quality
improvement of the grid. The basic idea

CHJIOBOIi  TpaHcgopmaTop,

CHJIOBOM l'[peOﬁpiBOBaTeJ’ll), Ka4yeCTBO

behind the PET is to use medium or high
frequency (f> 1 kHz) transformer instead of
a traditional low frequency (50 Hz)
distribution transformer. As the power
throughput density of the transformer is
inversly proportional to frequency, hence
increasing the frequency allows better
utilization of the steel magnetic core and
reduction in transformer size [4].

Compared with conventional
transformer, the PET is pursuing smart
control feature by power electronic (PE)
converters, HF transformer and
comprehensive controlling technology. It can
include built-in functions of diagnostics,
protection (overvoltage, undervoltage, short
circuit etc), flexible adjustment and
convenient communication with the grid. It
enables full control of the magnitude and
direction of real and reactive power without
additional power transformer and frequency
conversion equipment [5], [6], [7].

Advantages of PET over the LFT include
the fact, that output voltges are sinusoidal
regardless of the input power quality or the
output current waveshape.

This is because the controls on the output
stage actively suppress output voltage
harmonics thus preventing their penetration
to the input side. In addition, current limiting
at the output and input stages is readily used
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to prevent secondary faults from propagating
through the transformer.

Power Electronic '

Small generation units/!

Transformer

Distributed Resources

:L MV/LV
H L o
U B ms |
Storage hospitals,
Feeder ~
HVMV[ ——® , Rural
il — A LVDC Link Areas

A Urban Areas
7 /(N

Fig. 1. MV distribution grid with DC subsystems and LV grid [12].

In addition, PET offers a good ride-
through capability during the voltage sags on
the MV side and equipped with battery it can
provide energy during the periods when the
main grid is not available (e.g. in islanding
mode of microgrid). If connected in parallel
with a LFT, PET can provide equal load
division between the transformers that results
in the elimination of the circulating reactive
current between them [8].

Although the idea of PET was already
mentioned in the 1980s, the available
semiconductors at that time were not able to
switch high powers with high switching
frequency. During the last decade the highly
reliable, low loss SiC based semiconductors
with high switching capability and lower cost
have been available on the market, thus it is
expected that PE based solutions will penetrate
the MV distribution network [9], [10].

Although the design of PET is considerably
more expensive than that of a conventional LFT
and currently less efficient (efficiency of LFT
typically > 97 %), falling costs and improved
performance of semiconductors will enable the
design to be economical in the future [11]. An
example of the PET in the distribution grid
including distributed energy sources, energy

storage devices and different type of loads is
shown in Fig. 1.
BASIC REQUIREMENTS

As a complete DC distribution system will
not be available in the near future, the PET
will operate in the already existing AC MV
and LV grid. Thus, the PET has to be
adotable to existing MV and LV levels
worldwide. The existing MV and LV ratings
(based on IEC 60038) in the Europe and
North-America are shown Table 1 and Table
2. An overview of the most relevant power
ratings with nominal current according to the
IEC 60076 is given in [3].

Table 1. Existing medium voltage ratings

Location Voltage (kV)

Europe 3.6 7.2 12 175 | 24

America | 4.75 | 8.25 15 25.8

Table 2. Existing low voltage ratings

Rated Low voltages (V)

100/ 120/ 110/ 127/ 120/
200 208 220 220 240
230/ 277/ 347/ 400/
400 480 600 690

IEC 60038 restricts the tolerance of + 10
% of the nominal voltage in 230/400 and
400/690 systems must be guaranteed [3].
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The transformer provides galvanic isolation
between two sides of the grid and suppresses the
leakage currents. Accordingly, many standards
have been deployed to set maximum allowed
leakage current. For instance, the German DIN
VDE 0126-1-1 mandates that a leakage current
of 30mA necessitates the disconnection of the
inverter from the grid within 0.3 second. Other
standards, such as IEEE 929-2000, IEC 61727,
IEEE 1547, and EN 61000-3-2 have set the
maximum DC current injected to the grid to be
between 0.5 % and 1%. From the power quality
point of view, standards such as the IEC61000-
3-2 and the IEEE 519-1992 [13], [14] have set
the THD level to less than 5%.

Many standards have been deployed to
set allowed deviation ranges of voltage and
current parameters from their nominal values
to maintain the required power quality in the
grid. Table 3 presents the tolerances of the
sources and the loads influenced by the
voltage parameter. Table 4 presents the range
of load current and the susceptibility of the
power sources influenced by the current
parameter [15].

Typical range of power sources
frequency according to [15] is +/- 1 % which
also corresponds to the immunity of the
electronic loads.

Table 3. Matching load and power source
requirements

Voltage R Immunity of
power
parameter loads
sources
Overvoltage +6 % +10 %
Undervoltage -13.3 % -15%
Swell/sag +10/-15% | +20/-30%
Transients 100 — 6000 V | 500 — 1500 V
THDy 5-50 % 5-10%
Phase 2-10% Max 5 %
unbalance
10 V up to
EMI 200 kHz 3V

Another important requirement is set for

the voltage and current unbalances of the
phases that can result in adverse effects on
equipment and on the power system. Under
such conditions the power system will incur
more losses and heating effects and be less

stable due to load transfers [16], [17]. The
International Electrotechnical Commission
(IEC) recommends the maximum voltage
unbalance of electrical suppy system to be
limited to 2 % [18]. The American National
Standards Institute (ANSI) standard C84.1-
1995 recommends that electrical supply
systems should limit the voltage unbalance to
3 % under no load condition [19].

Table 4. Matching load and power source
requirements

Parameter | Load current Susceptibility
of sources
Power factor 0.85-0.6 0.8
DC current Neghgolble to <1%
5%
Ground 0—10 A tms PN
current

PET must also be able to withstand such
disturbances like voltage transients, load
step, inrush current, fault current, voltage
regulator interactionsetc.

REVIEW OF TOPOLOGIES

Many existing topologies for do not
support the bi-directional power flow, that is
a major requirement for replacing the LFT in
the distribution grid. Other important
requirements comprise galvanic isolation
capability, capability of interconnecting
renewable energy sources and energy storage
devices.

A good approach to classify PET
topologies was introduced in [1], [20] and
[21]. According to this classification four
basic topology principles of the PET can be
distinguished:

a) single-stage topology with direct AC-to-
AC conversion,

b) two-stage topology with LVDC link,

¢) two-stage topology with MVDC link,

d) three-stage topology with MVDC and
LVDC links.

The configuration of these topologies is
shown in Fig. 2 [20].

Single-stage topologies comprise direct
AC-AC conversion. One AC-AC single stage
topology with a full bridge converter and a
HF transformer was introduced in [21], [22].
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Power Electronic
Transformer

Single-stage Two-stage Three-stage
With LV dc-link With HV dc-link

Fig. 2. Classification of PET topologies

A. Single stage topologies
B.

In addition, couple of matrix converter
based topologies have been proposed in [23],
[24] and research on different matrix
converters has been done in [25]. Another
cycloconverter based topology with self-
commutated switches was proposed in [26].
Although this is the most straightforward
approach to AC-AC power conversion, it is
problematic, since each switch must be able
to block full primary voltage and also be
capable of conducting full secondary current
[11]. Lack of the DC link in the single stage
topologies is a major drawback, thus
integration of the storage elements and power
factor correction circuit would require
additional devices which in turn make the
system complicated, increase the size and
cost of the overall system.

C Two-stage topologies

In two-stage topology, the low frequency
is directly converted to high frequency AC
and rectified back to DC on the transformer
secondary. Then it is converted to 50 Hz
output voltage using PWM inverter. The
switches on the high voltage side must be
four-quadrant to withstand bi-polar voltages
and currents. A disadvantage of this DC-DC
version is the use of two different controls
depending on the direction of the power flow
[20].

Use of a dual active bridge (DAB) in the
two-stage topology would provide seamless
control of the power in both direction and
zero voltage switching capability for a wide
load range. The disadvantages of this
topology are high sensitivity of the average
active power flow to leakage inductance
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variation and the large ripple currents [23].
Also, the reactive power compensation
feature is complicated on the MV side. Two-
stage topologies with MVDC link do not
allow interconnecting the storage elements
directly to the PET, thus this topology is not
suitable for the PET.

Base Cell 1
D!

AC/D! DC/AC

[s]

L

£
Py

A

il B
= il
LX)

Base Cell 2 ]:

_{
Fig. 3. Three-stage topolgy of PET with series
connected base cells and common inverter

Base Celln

D. Three stage topologies

Three stage topologies enable several
functions that are desirable to PET [27] -
[32]. Three-stage topology consists of the
three power conversion stages: the input
stage, the isolation stage and the output stage.
The input stage rectifies the MV AC forming
this way a MV DC-link. In the isolation
stage, the DC-DC conversion takes place.
The MVDC is converted into high frequency
squarewave AC voltage and transferred to
the HF transformer, where the voltage level
is reduced and rectified again to a LV DC
side, forming this way a LV DC-link. LVDC
is converted to back 50 Hz AC in the output
stage. Schematic of this topology is shown in
Fig. 3.

According to research in [1], [20] and
[21] the three-stage topology seems to be the
most advantageos one among the others.
Presence of two different voltage level DC
links allows interconnecting the energy
storage devices and renewable energy
sources into one system without additional
converters. Integration of power-factor-
correction and isolated DC-DC converters
lead to lower losses and consequently
improved efficiency

In the high voltage applications the
three-level circuit on the MV side can
significantly reduce the stress ratings of the
components and improve the efficiency,
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moreover the harmonics will be reduced
either.

DESIGN CHALLENGES

A. Modular design of PET

Based on today’s available power levels
of PE components two approaches to PET
design are considerable. First is to use the
multilevel converter with each base cell
equipped with standard components (no
series connection of semiconductors) and one
high frequency transformer per base cell.
Such approach results is a high number of
series connected base cells on the high
voltage side (e.g. 20 series connected
converters at a primary AC voltage of 24kV,
3 phases). Second approach consists of
utilizing the series connection of the
semiconductors inside one base cell (e.g. two
or three converters instead of 15-20 with
multilevel approach). This in turn results in a
lower amount of HF transformers per base
cell. The number of series converters
depends on the voltage levels and the type of
semiconductors [30]. A difficult control of
series-tied and parallel tied devices, that must
be fully synchronized, is an important
drawback, which can result in an inability to
correct the power factor and additional
voltage oscillations.
B. Input stage

Input stage of the PET consists of an
active front-end rectifier with a unity power
factor circuit. By controlling the active
rectifier the input current and voltage levels
can be adjusted accordingy to the specified
requirements. The plurality of input stage
modules can be used to achieve effective
switching frequency, that can reduce the
switching losses of the input stage. Another
advantage of the multilevel converters
(MLC) is the possibility to reduce the
switching losses by reducing the switching
frequency without increasing the voltage
harmonics. Active front-end acts like a static
var comensator (SVC) and reduces the
reactive power and total harmonic distortion
on the grid side. To guarantee a sinusoidal
input current and a stabilized MV DC-link
voltage for the input stage, a topology with a

voltage boost characteristics is necessary. In
this case, a low number of MV DC-link
levels would be sufficient to cover all MV
levels worldwide [3].
C Isolation stage

Isolation stage is a controllable DC-DC
converter where the voltage reduction and
galvanic insulation take place. Isolation stage
is responsible for providing the required DC
voltage levels on the input and output side
DC links and managing the bi-directional
power flow. Typically the biggest losses
occur in the isolation stage, because it
comprises, beside conduction and switching
losses, core losses of the HF transformer. For
this reason the isolation stage determines the
overall efficiency of the PET, hence making
the isolation stage an interesting research
objective.

Different multilevel, dual active bridge,
half bridge, current doubler rectifier based
topologies have been proposed for the
isolation stage [20], [21], [27], [28]. DC link
type topologies are the must promising ones,
even though the research in [29] shows the
transformer core losses are expected to be
bigger in the DC-link type converters rather
than in the direct ac-ac type converters. To
minimize the losses, the duty cycle and
switching frequency can be adjusted
accordingly to the function of the load. In
case of the dual active bridge based
topologies the power flow can be controlled
by setting the phase shift of the two square
wave voltages of the VSC on each side of the
HF transformer.

D. Output stage

Output stage is also an active front-end
that can control the voltage level of the
LVDC link in case of reverse energy flow.
Typically on the low voltage side, using the
two level topologies can meet all the
requirements concerning voltage stress on the
semiconductors. In typical applications the
output stages are connected in parallel to
provide the necessary current to the
consumers. In addition, low voltage DC-link
enhances the ride-through capability of the
PET [30].
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E. Semiconductors

Research in [3] states that the usage of
fast switching semiconductors with lower
voltage blocking capability is more favorable
and more future oriented compared to low
speed high voltage blocking semiconductors
(HV-IGBT, GTO). Such systems require
lower number of converter stages what
results in lower system costs and higher
reliability [1]. Such SiC JFETs can switch
several kilovolts in less than 100 ns with
operating frequencies of several tens of
kilohertz. Research in [1] states that using
that type of switches the 97 % efficiency of a
1 MW PET can be achieved..

CONTROL PRINCIPLES

The three different stages of the PET are
controlled independently from the others.
The main tasks of the input stage are shaping
the input current, controlling the power
factor, reducing the harmonic content and
keeping the DC link voltage at the reference
value. It is of high importance to keep the
equal voltage distribution among the series
connected base cells, as slight differences in
switch characteristics and stray capacitances
can lead to unwanted scaling effects. An
additional expenditure of providing a
synchronization of all PWM controlled
converters is necessary, because even a small
difference in switching frequencies of the
modules can cause subharmonic oscillations
in the input and output characteristics of the
PET.

The primary control objective for the
output inverter is to superimpose the required
active power to the grid and regulate the
voltage on the output. In case when grid is
operating autonomously (e.g. islanding
mode) the control must also establish the
frequency [2].

The controller of the parallel-output
stage must control the output voltage and
current sharing among the base cells that can
be disturbed due to the mismatches between
the base cells. The main sources of
mismatching are the turn’s ratio of the HF
transformers, input voltage DC offset, cells
equivalent resistance. Such mismatch can

cause problems in thermal management and
life time of parallel converters. If the two
grids are connected through the PET, their
operation does not have to be synchronous as
it is in case of the LFT.

A feasible control method of the PET
was proposed in [32]. It consists of a digital
controller for voltage balance monitoring,
and an analog controller to regulate the sum
of the base cell voltages. In order to achieve
highest efficiency the voltages on the DC
link need to be hold on constant level with
the control of the input stage. The secondary
DC-link voltage is controlled by the power
flow through the transformer. To realize the
constant DC voltage and keep input current
sinusoidal, the DC voltage outer loop and AC
voltage inner control loops may be used [34].

The power factor correction module is a
compulsory feature for the PET, since major
of the existing loads in the distribution grid
operate with lagging power factor in the
range between 40... 90 % [35]. The power
factor correction (PFC) module is integrated
to the input side of the isolation stage and
utilizes the MVDC link capacitor. In case of
modular design, each input stage module
must consist of a unity power factor active
rectifier. The PFC programs the input current
waveforms and adjusts the power factor on
the MV side to be near one. For performing
the power factor correction different methods
exist: variable hysteresis control, peak
current control and average current control
[30]. The main disadvantage of the variable
hysteresis control is that it operates at
variable switching frequency. Disadvantage
of the peak current control generates some
distortion in the input current inherently.
Thus average current control seems to be
most appropriate for the PET.
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SUMMARY

The PET is a new type of transformer
that offers various advantages over
traditional transformer. In order to replace
LFT in the distribution grid, the PET must
correspond to the power quality requirements
that are nowadays valid for the LFT. Three-
stage topology of the PET seems to be the
most promising one due to the presence of
two DC link and enhanced PFC possibilities.
A modular design of PET is necessary to
overcome the voltage stress problem on the
MV side.
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Abstract — This paper covers the concept of an intelligent
transformer that is a good candidate to replace a conventional low
frequency transformer in the microgrids. As the power production
and consumption can vary in a wide range, the new substations
have to meet many requirements to guarantee reliable energy

igement in the aut s networks. Different topologies of
intelligent transformers can be used to meet these requirements.
Therefore the advantages and disadvantages of the existing
topologies were analyzed. The future trends and challenges are also
discussed.
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1. INTRODUCTION

Initial years of electric distribution have seen heavy
discussions between the DC and AC system proponents. The
DC system supported by Thomas Edison was attributed
considerable advantages over the AC system e.g. easy
integration of energy backup devices, no need for reactive
power compensation. On the other hand, the voltage in DC
systems was hard to control while AC systems provided an
easy way for voltage regulation. The AC system uses the
magnetically coupled transformer concept for voltage
elevation, transmission over long distances and reduction for
residential use. Traditional line-frequency-transformer (LFT)
has simple construction, high efficiency and reliability.
Moreover, it provides galvanic isolation as well. During the
last decade, the basic construction has remained the same, but
the improved material technology allowed higher saturation
densities and lower hysteresis losses to be achieved, which
resulted in very efficient transformers. The efficiency of LFT
is considered to be 97 %.

However, LFT is very bulky and heavy. It transforms the
voltage directly transferring this way also the unwanted
voltage sags, dips and frequency variations to the output. LFT
has a very limited voltage and power quality regulation and
needs additional flexible AC transmission systems (FACTS)
for power quality control. Since the optimal performance of
the LFT is designed to be near the full-load, it has high losses
in under-load or no-load conditions, also under dc-offset
unbalances [1]. In nowadays centralized grid, the LFT meets
most of the requirements concerning cost, the efficiency and
reliability. However, centralized generating facilities are
giving way to smaller, more distributed generation. Thus, it is
likely that future power generation and distribution will
involve numerous distributed renewable energy sources and
micro grids. In order to effectively interconnect power
generation and energy storage into a grid or micro grid

intelligent energy management (IEM) is needed. IEM
substations should have bi-directional energy flow control
capability, intelligent control and communication interface.
Clearly, traditional low frequency (50 Hz) distribution
transformers are not suitable for such demanding applications.

To meet the requirements of the future intelligent network
management systems a new concept of a distribution
transformer is needed. One possibility is to implement an
intelligent transformer (ITR). The ITR was proposed already
in the 1980°s as an alternative to the LFT for voltage
transformation [2]. The ITR, also known as a power electronic
transformer or a solid state transformer is a new type of
transformer that realizes voltage transformation, galvanic
isolation and power quality enhancements in a single device.
Its role is to enable active management of distributed energy
resources, energy storage devices and different types of loads
(domestic or industrial) in the distribution grid. The basic idea
behind the ITR is to use a high frequency (f> 1 kHz)
transformer instead of a traditional low frequency (50 Hz)
distribution transformer. Increasing the frequency allows
higher utilization of the magnetic core and reduction in the
size of the transformer.

The advantages of this concept were clear, even though the
technology for proper demonstration did not exist at that time.
The weight and volumes can be up to three times smaller
compared to the corresponding LFT due to the use of high
frequency. Bi-directional energy flow capability allows
connecting storage elements with renewable energy sources
and different loads. Moreover, input and output voltages are
adjustable with a reactive power compensation feature. Both
AC and DC buses are available. The voltage on the DC link,
thus on the output, can be easily controlled with a front-end
converter e.g. an active rectifier. In addition, the ITR is
environmentally friendly since no liquid dielectrics are used
for cooling. ITRs can be equipped with advanced
communication interface that includes smart metering,
diagnostics and distance control features. Eventually, ITRs are
also appropriate to be used in single-wire earth return
transmission systems [2].

II. BASIC REQUIREMENTS

As a complete DC distribution system will not be available
in the near future, the ITR will operate in the already existing
AC medium voltage grid. ITRs should be adaptable to
different MV and LV levels worldwide. Thus, the ITR will be
in the power range of today’s power MV/LV distribution
LFTs.
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TABLE 1
TYPICAL LFT MV/LV DISTRIBUTION TRANSFORMER POWER RATINGS
AT e (A, Nominal current (A)
237V 410V
100 244 141
160 390 225
315 767 444
630 1535 887
1250 3045 1760
1600 3898 2253
2000 4872 2816
2500 7673 4436
TABLE 2
EXISTING MEDIUM VOLTAGE RATINGS
Location Voltage (kV)
Europe ' 3.6 72 12 17.5 24
North America * 4.75 8.25 15 25.8
Railway 172% | 27.5%

1) 3 phases 50 Hz; 2) 3 phases 60 Hz, 3) 1 phase 16 2/3 Hz, 4) 1 phase 50 or
60 Hz.

TABLE 3
EXISTING LOW VOLTAGE RATINGS
Rated Low voltages (V)
100/200 120/208 110/220 127/220 120/240
230/400 277/480 347/600 400/690

2 or 3 phases + neutral, 50 or 60 Hz.

An overview of the most relevant power ratings with
nominal current according to the IEC 60076 is given in Table
1. An overview of the most important AC MV- and LV levels
in a distribution grid and railway (based on IEC 60038) is
given in Table 2 and 3. The standard restricts the use of 3.6 kV
and 7.2 kV voltages in public distribution systems. Also, the
tolerance of = 10 % of the nominal voltage in 230/400 and
400/690 systems must be guaranteed.

In addition, ITR must meet the same requirements that are
valid for LFT according to the standards. It comprises
connection techniques to MV and LV grid, protection against
electric shock, sizing and protection of conductors, protection
against voltage surges, power factor correction and harmonics
filtering, electromagnetic compatibility etc.

III. TOPOLOGIES

Many existing topologies for ITRs as well as for general
AC-AC power conversion do not support the bi-directional
power flow, which is considered to be a minimum requirement
for replacing an LFT. Other important requirements comprise
galvanic isolation capability, capability of interconnecting
renewable energy sources and energy storage devices.

A good approach to classify ITR topologies and select the
appropriate configuration according to the specific needs was
introduced in [3] and [4]. According to this classification four
basic topology principles can be distinguished:

HVAC LVAC

a) ~ ~

HVAC LVDC LVAC
HVAC HVDC LVAC

HVDC LVDC

Fig. 1. ITR configurations: a) single-stage AC-AC, b) two-stage with LVDC
link, ¢) two-stage with HVDC link, d) three-stage with HVDC and LVDC
links.

HVAC LVAC

a) single-stage topology with direct AC-to-AC conversion,

b) two-stage topology with low voltage DC link (LVDC),

¢) two-stage topology with high voltage DC link (HVDC),

d) three-stage topology with both HVDC and LVDC link.

The configuration of these topologies is shown in Fig. 1 [4].
The HVDC link is not suitable for interconnecting the
distributed energy storage and distributed renewable energy
resource devices since all today’s renewable energy resources
operate at medium-voltage level. The HV to MV step does not
seem to be reasonable due to the need for additional
converters that increase the cost and volumes of the whole
system. For this reason, topology with the HVDC link is not
analyzed further.

A. Single stage topologies

Different single-stage topologies with direct AC-AC
conversion exist. Back-to-back VSI is shown in Fig. 2. It is a
cascaded connection of a 50 Hz passive transformer and a
low-voltage AC-DC-AC converter. It has a bi-directional
power flow capability, however it lacks a high frequency
transformer and provides no galvanic isolation [5].

Another AC-AC single stage topology with a full bridge
converter and a HF transformer was introduced in [4] (see Fig.
3). Here, an input high voltage is turned into a high-frequency
square wave and passed through the HF transformer to the low
voltage side where it is rectified back to 50 Hz sinusoidal
shape voltage. This topology requires simple control, however
requires inductive filters on the input and output to allow the
buck mode and filter the generated ripple current. Moreover,
the lack of the DC link is a major drawback of this topology,
thus integration of storage elements and power factor
correction would require additional devices which in turn
make the system complicated, increase the size and cost of the
overall system.
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Fig. 2. Single-stage topology with LFT and AC-DC-AC converter.
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Fig. 3. Single stage topology with full bridge converter and HF transformer.

B. Two-stage topologies

A two-stage topology based on an AC-DC converter and a
PWM inverter is shown in Fig. 4. The switches on the high
side must be four-quadrant to withstand bi-polar voltages and
currents. A disadvantage of this DC-DC version is the use of
two different controls depending on the direction of the power
flow.

Use of a dual active bridge (DAB) in the two-stage
topology would provide seamless control of the power in both
direction and zero voltage switching capability for a wide load
range. The disadvantages of this topology are high sensitivity
of the average active power flow to leakage inductance
variation and the large ripple currents [S]. Also, the reactive
power compensation feature is complicated on the HV side.

C. Three stage topologies

Three stage topologies enable several functions that are
desirable to ITR [6]-[7]. Three-stage topology comprises
rectifying the input AC voltage to a DC voltage, forming this
way a MVDC link. Afterwards, the MV is converted into high
frequency AC voltage and transferred to the HF transformer,
where the voltage level is reduced and rectified again to a low
voltage DC level, forming this way a LVDC link. The low DC
voltage is converted again into 50 Hz AC voltage. Schematic
of this topology is shown in Fig. 5.

The main disadvantage of this topology is the large number
of components which results in possibly lower efficiency and
reliability. However, the MVDC is suitable for connecting the
renewable energy sources to the ITR.

Another three-stage topology with a multilevel-rectifier was
proposed in [5]. It uses one flying capacitor multilevel AC-DC
converter to provide a HV DC bus for three parallel connected
DC-DC DAB converters.

LC Filter

LC Filter
L

c

“' Uour

Fig. 5. Three-stage topology system with HVDC/MVDC

DAB converters provide galvanically isolated power
conversion to a LVDC bus. An inverter converts low voltage
DC to utility AC voltage. This topology is suitable for
connecting to the MV side, because it has input-series-output-
parallel configuration that allows blocking of the peak voltage
on the MV side. This topology uses compact high frequency
transformer, has power flow control, power factor correction
and a low voltage DC bus for DG generation, however it has a
large number of switches and a complicated configuration.

D. Four wire matrix converter based topologies

Another suitable topology for the ITR was proposed in [8].
This topology is similar to single-stage topologies and is
shown in Fig. 6. Input and output links are matrix converters
with six bilateral switches, which convert 50 Hz sinusoidal
mains voltage to the medium frequency voltage. The inverse
function is carried out in the output link in order to convert
medium frequency back to 50 Hz sinusoidal voltage. The
transformer middle end of the winding is used as the fourth
wire to be used as neutral wire. This topology requires a low
number of switches, does not require a capacitor on the MV
side, has small losses due to fewer switches and bi-directional
power flow control capabilities. However, it needs the zero
crossing detection of medium frequency voltage for control
scheme implementation. Lack of the DC link makes it
unsuitable for interconnecting renewable energy sources and
energy storage devices into one system.

The topologies were analyzed in detail on the basis of
switch count, switch stress, switch losses, control
characteristics and the ability to meet the required and
desirable functionalities in FREEDM in [4]. Accordingly, all
the analyzed topologies require at least three modules. Single-
stage topologies are among others with the least elements
count and thus least switching losses. However, there is no
difference in the switch count between two-stage and three-
stage topologies. Low switch losses in single-stage topologies
are at the expense of their limited functionalities. The extra
DC link in three-stage topologies improves the LVDC link
voltage regulation in comparison to two-stage topologies.
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Fig. 6. Direct four-wire matrix converter based ITR topology

Presence of two different voltage level DC links allows
interconnecting the energy storage devices and renewable
energy sources into one system without additional converters.

According to this comparison three-stage topologies seem
to be the most promising due their number of advantages over
single- and two-stage topologies. The modular structure based
ITR seems to be most advantageous, thus its design and
operating principle are described further.

IV. OPERATING PRINCIPLE AND DESIGN OF MODULAR
STRUCTURE BASED ITR

A. Base module design

The base module consists of three stages: input, isolation,
and output stage [8]-[9]. Input stage is a Dbi-directional
controllable rectifier, which regulates the DC- link voltage and
can also be used to shape the input current (reactive power
compensation feature). Many topologies are suitable for the
input stage most commonly an active front-end bridge rectifier
is used. The second stage provides galvanic isolation between
the primary and the secondary side and reduces the DC-link
voltage.

First, the DC voltage is converted to a high frequency (HF)
square-wave signal, then transferred through the HF
transformer and finally rectified to form the reduced DC-link
voltage on the secondary side. Presence of a two-level DC link
allows integrating low-voltage energy storage devices and
high voltage (or medium voltage) energy generators into one
system. The output stage is a sinewave inverter, which
converts reduced DC voltage back to low frequency (50 or 60
Hz) alternating grid voltage. Dual active bridges allow the
energy flow to be controlled in both directions and use the soft
switching technique.

Soft switching is a feasible solution, facilitated either by
adding auxiliary devices such as an auxiliary resonant
commutated pole (ARCP) or by using leakage inductance of
high-frequency transformers (DAB). However it adds
circulated energy, trading conduction loss to the switching loss
[5]. ARCP adds a bi-directional switch pole between the
neutral point of the DC bus and the midpoint of a main switch
leg. Auxiliary switches are turned on during the main
switching transient and they provide enough inductive energy

to resonate with snubber capacitors. In a DAB system, the
leakage inductance of the high-frequency transformer
resonates with snubber capacitors to achieve ZVS [10]. In the
case of DAB no extra switching devices are necessary,
however soft switching range becomes narrower with the
decrease of the load.

B. Phase module design of ITR

IGBTs and high-frequency transformers with distribution
voltage ratings are not yet available. Therefore a modular
approach can be used to meet these requirements. A modular
design consisting of one or several base modules of the ITR is
shown in Fig. 7. The ITR allows connecting energy storage
devices or controllable DC/DC converter to the LVDC link as
shown in Fig. 8. Fig. 9 presents the possibility of using one
common inverter with parallel connected phase modules.

C. Three-phase systems

Three-phase voltage systems are used in electrical
transmission today, thus all LFTs have three-phase design.
Three-phase  transformers have three basic winding
connections: star, delta and zigzag. As the windings in the
LFT, the phase modules of the ITR can be connected
correspondingly to different winding connections. The most
common winding configuration in distribution networks is
Delta/Star connection. An ITR phase module connection is
shown in Fig. 10.

Most  distribution networks use isolated neutral
configuration, since low earth-fault current guarantees reliable
work of the grid. However, earth fault can raise voltage in
other phases up to factor V3 times higher, thus a transformer
must be designed to cope with these temporary (until couple
of hours) overvoltages.

V.BENEFITS AND CHALLENGES

The ITR must have an efficiency profile that is similar to
the LFT. The efficiency of the LFT is normally 97% [2],
which is higher than the efficiency of the ITR, however an
efficiency rate of 98,1% of the ITR without output inverter has
been achieved [11]. The efficiency of the LFT is lowered due
to the harmonics caused by residential loads. Major losses in
power electronic converter are conduction losses, switching
losses and core losses. Conduction losses occur due to the
voltage drop on each element in the electric circuit. Switching
losses comprise IGBT turn-on/turn-off energy and the diode
reverse recovery energy. Transformer core losses are caused
due to the hysteresis effect in the core that depend on magnetic
flux, switching frequency and on the voltage waveform.
Besides main losses, also losses in the gate driver, controller
and auxiliary circuits are present. The three major losses were
analyzed in [5].

It is also important to notice that besides the advantages of
high-frequency on a transformer’s size, it can significantly
affect the winding resistance by introducing dc resistance, skin
and proximity effects [12]. Moreover, the high frequency
increases EMI emissions, which may require installing an
additional filter and thus reduce the efficiency.
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Efficiency decreases as the power converters become more
complex. Efficiency can be improved by lowering the
switching frequency using a multilevel front-end rectifier.
Moreover, the topology that uses fewer switches has lower
energy circulation and fewer power conversion stages.

Reliability of the ITR is the second highest priority after
efficiency. In order to increase the reliability, the following
steps can be taken: some redundant cells can be included into
the ITR to improve the voltage stress handling in case of
failure. It is also likely that the reliability will increase
together with the progress of technology [2]. Electrolytic
capacitors should be avoided due to their relatively short
lifetime (12 000 hours).

The cost of the LFT is much lower than that of comparable
ITR, which is mainly caused by the high semiconductor cost.
LFTs require additional relay protection, additional elements
(e.g. FACTS), stable construction with a built-in oil tank and
requires higher amounts of copper. The most expensive
elements in ITRs are semiconductors and their sophisticated
control circuitry. Using modular design with a common
inverter (see Fig. 9) would save the cost. However, it is likely,
that with an increase of the manufacture, semiconductor costs
will be reduced in the future.

Another issue is the maintenance of the transformer.
Maintenance costs of the LFT are relatively low since full
maintenance is carried out every 10-15 years while the
lifetime of the LFT is usually 30 years under nominal load.
Thus, although ITRs do not require oil change, it would
require more maintenance of the capacitors, cooling fans,
semiconductors.
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In order to keep the lifetime of semiconductors as high as
possible, keeping the operating temperature in the allowed
range is essential.

A. ITR in Microgrid

An ITR is a key element of the ITR-based microgrid
systems. A microgrid is a possible solution to realize self-
powered residential applications for most houses in the
country. Reliability of a microgrid is low due to fluctuating
renewable energy sources (wind generators, photovoltaic, fuel
cells, supercapacitors, diesel generators, electric vehicles or
regenerative drives), so an intelligent management is of high
importance in such systems. One example of such ITR-based
microgrids is a future renewable electric energy delivery and
management (FREEDM) system. This is a revolutionary
power grid based on power electronics, high bandwidth digital
communication and distributed control. It is radically different
from today’s grids because it replaces electromagnetic devices
such as 50 Hz transformers with the ITR [13]. ITRs will play
an important role in the protection of a microgrid, which is
very sensitive to faults. That is due to meshed network, where
finding a fault might be very complicated. Also, the small
impedance of microgrid makes conventional phase and
distance relays unsuitable for protection. For that reason ITR
must have built in protection to identify the fault.
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VI. CONCLUSION

This paper covers the new concept of an intelligent
transformer, its design, existing topologies, future benefits and
challenges. An ITR is a new power electronic based
transformer that is intended to operate in microgrids, where
renewable energy sources, storage devices and loads are all
interconnected into one system. Basic requirements the ITR
has to meet are bi-directional energy flow control capability,
power factor correction and galvanic isolation. Moreover, the
ITR must have an efficiency, reliability and cost comparable
to traditional low frequency transformers. In order to operate
in the existing network the transformer must be designed to
existing power ratings with existing MV and LV levels.

Different single-stage, two-stage, three-stage and also four-
wire topologies exist. The most convenient seem to be three-
stage topologies with the introduction of a medium-voltage
DC link for connecting the power sources and a low-voltage
DC link for connecting energy storage devices into one
system.
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Abstract — This paper proposes new topology for high frequency
isolation stage of intelligent transformer based on bi-directional
current doubler rectifier (CDR). Paper provides complete
steady-state analysis of the proposed bi-directional CDR in boost
mode. To facilitate the understanding of operation, the converter
equivalent circuits for each operating mode with corresponding
waveforms are presented. Also, mathematical analysis is done
and compared with simulation results.

I. INTRODUCTION

Modern trends in electrical energy technology are
characterized by steadily growing need for renewable energy
sources, energy storage, and smart grid technologies.
Centralized generating facilities are giving way to smaller,
more distributed generation. Thus, it is likely that future
power generation and distribution will involve a lot of
distributed renewable energy sources and micro grids. In
order to effectively interconnect power generation and energy
storage into a grid or micro grid intelligent energy
management (IEM) is needed. IEM substations should have
bi-directional energy flow control capability, intelligent
control and communication interface. It becomes clear that
traditional low frequency (50 Hz) distribution transformers
are not any more suitable for such demanding applications.

Intelligent transformer (also known as solid state or power
electronic transformer) is a good candidate for IEM
subsystems. Intelligent transformer (ITR) is a new type of
transformer that realizes voltage transformation, galvanic
isolation and power quality enhancements in a single device.

The basic idea behind the ITR is to use a high frequency
(f> 1 kHz) transformer instead of traditional low frequency
(50 Hz) distribution transformer. Increasing the frequency
allows higher utilization of the magnetic core and reduction in
the size of the transformer. According to [1] size and weight
reduction up to three times is possible. Moreover, ITR uses
much less copper that decreases overall costs of the device.

For realization of the ITR, different topologies exist. In [2]
an AC/AC buck topology has been proposed. Such converter
has variable transformation ratio and the lowest component
count. However, it provides no galvanic isolation and causes
high voltage (HV) stress for semiconductors. Two stage
AC/AC topology with matrix converters is presented in [3].
The benefits of this topology are low number of switches and
components, and galvanic isolation. Limited switching
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frequency that does not allow implementing of high
frequency transformer is major drawback of such topology.

A recent approach is the ITR design that has modular
structure consisting of one or several base cells, as shown in
Fig. 1. The base cell consists of three stages: input, isolation,
and output stage [4]-[6]. Input stage is a bi-directional
controllable rectifier, which regulates the DC- link voltage
and can also be used to shape the input current (reactive
power compensation feature). The second stage provides
galvanic isolation between the primary and the secondary side
and reduces the DC-link voltage. First, the DC voltage is
converted to a high frequency (HF) square-wave signal, then
transferred through the HF transformer and finally rectified to
form the reduced DC-link voltage on the secondary side. The
output stage is a sinewave inverter, which converts reduced
DC voltage back to low frequency (50 Hz) alternating grid
voltage. It becomes clear that high frequency isolation stage is
the key for building an optimal and efficient ITR. By
selecting the proper inverter and rectifier topologies the
efficiency, energy density and volumes of ITR can be
improved.
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Fig. 1. One phase structure of ITR

II.  SURVEY OF ISOLATION STAGE

Two basic topologies are generally suitable for the input
side: full-bridge (FB) and half-bridge. Half-bridge topology
has a simpler construction and lower number of switches.
However, the drawbacks are higher current stress of switches
and volt-second unbalance risk. Full-bridge allows to realize
phase shift modulation control and zero-voltage switching
without additional components, which can reduce switching
losses. Due to higher number of switches the volt-second
unbalance effect can be prevented and switches have lower
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current stress when compared to half bridge. Thus, FB seems
to be more feasible solution for the input side.

In general, three basic topologies are suitable for output
side: full-bridge, centre-tapped rectifier, and current doubler
rectifier (CDR). With FB no centre tapped transformer is
needed and it has a compact design. However, the transformer
secondary and rectifier diodes carry full output current, which
increases conduction losses. Centre-tapped rectifier has twice
smaller number of rectifying diodes and only one diode is
conducting at a time. Thus it has low switching losses. Main
drawbacks are complicated design and rectifier diodes have to
carry full output current, which increases conduction losses.
Use of CDR offers many advantages in comparison with FB
and centre-tapped rectifier. Transformers secondary current is
half the output current allowing reduction of conduction
losses especially in the case of higher currents. Using two
transformers in the output provides better heat dissipation,
and ripple current cancellation effect which allows to use
smaller inductances. Operation of such topology in buck
mode has been already presented in [16] - [19], where a
detailed analysis can be found. However, using CDR for
voltage elevation has been proposed only by few authors
[11]-[15], thus needs more detailed analysis.

Several researches [11]-[13] propose to add auxiliary and
HF transformer on one magnetic core in series with inductors
to eliminate inductor currents at loads close to zero . A push-
pull type converter in the input with CDR in the output is
proposed in [14]. In addition, each coupled inductor is wound
on the same core as input-to output windings, forming this
way additional path for excessive energy in inductors.
Research in [15] proposes to use two inductors in current-fed
push-pull converter, to overcome the drawbacks of single
inductor push-pull converter e.g. high output voltage ripple,
high voltage across switches, high volt-ampere rating for
transformer. However, none of these topologies is suitable for
bi-directional energy flow control.

Problems also occur when CDR is working in bi-
directional mode. It turns out that traditional CDR cannot
provide bi-directional energy flow when duty cycle is smaller
than 50 % [7]. A solution was proposed in [8] to overcome
this drawback. It uses two auxiliary transformers with two
diodes to transfer the leakage energy to the high voltage side.
However it has high voltage stress on semiconductors. In the
current high voltage application the voltage difference
between input and output can be more than 5 times, which
would require bulky transformers. Since small weight and
volumes are important factors in the ITR design, those
auxiliary transformers could be a serious drawback. In this
paper a new topology is proposed where the auxiliary
transformers can be designed much smaller. Also, the reverse
voltage of diodes is lower due to smaller voltage difference.

III. NEW BI-DIRECTIONAL DC/DC CONVERTER

The proposed topology of the high frequency isolation
stage is shown in Fig. 2. The proposed bi-directional dc-dc
converter consists of a FB inverter, a high frequency
transformer and a CDR. The energy can be transferred in both

directions. Therefore, the diodes in traditional CDR are
replaced with controllable switches 75 and T, The high-
frequency step-up isolation transformer TR provides required
voltage gain as well as the galvanic isolation between the
input and output sides of the converter.

Daux1
Daux2

.
TRauxz
Ci

T T3
r L L
TR

C: °.
U, e

T2 T4  Nres:Nmwp
L L

Fig. 2. Power circuit diagram of proposed HF isolation stage

Main benefits of the proposed high frequency isolation
stage based on the FB inverter and bi-directional CDR are as
follows:

e Zero voltage switching for the primary switches T;...T,
in a wide load range, achievable to utilize the energy
stored in the output filter inductances [9].

Bi-directional energy control.

Use of HF transformer reduces size of the converter.
Reduced current ripples due to transformers.

Better thermal performance due to current doubling
effect.

e Reduced transient response [10].

The proposed CDR can transfer energy in both directions,
operating this way either in buck or boost mode in a wide
range of duty cycles. In the buck mode the energy is
transferred from high voltage side to low voltage side as
shown in Fig. 2. In the boost mode the energy is transferred
from low voltage side to high voltage side. Boost mode is
also divided into three different states: normal operation with
duty cycle D4 value from 50 % to 100 %, start-up operation in
continuous conduction mode (with D, value between 25 %
and 50 %) and start-up operation in discontinuous conduction
mode (with D4 value between 0 % and 25 %).

However, during start-up operation the freewheeling path
of the leakage energy of the inductors is interrupted, which
results in dangerous overvoltage. To provide an alternative
freewheeling path the inductors are replaced with two
auxiliary transformers 7R, TR..2, which redirect leakage
energy back to the low voltage side through diodes D,,;,
D> and controllable switch 7, which is switched ON only
during the start-up operation

IV. STEADY STATE ANALYSIS OF PROPOSED
CONVERTER

In steady state analysis, all three operating modes are
examined. Mathematical analysis and equivalent circuits for
different states are provided.
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The analysis of proposed topology is based on the
following assumptions: 1) all transistors and switches are
ideal, 2) all inductances and capacitors are ideal, 3) auxiliary
transformers 7R,,,; and TR, are identical.

A. Operation with duty cycle 50 % <D, <100 %

When duty cycle is between 50% and 100 %, the converter
is operating in normal operating mode. Fig. 3 shows the
equivalent circuit of proposed converter in the normal mode.

3

Uz

Q
o
TS
S

Niwp:Nes  Ta @ T2

Fig. 3. Equivalent circuit in the boost mode for operation with D4 > 50%

The operating period of one switch consists of the active
and zero states. During the active state the switch on each
branch is switched ON and energy is transferred to the
isolation transformer. During the zero state the switch of the
branch is switched OFF. The operating period can be written
as

T=t,+t,, (€))
where 7, and ¢, are durations of an active and zero states,
correspondingly. For better appearance of equations the state
intervals are represented with corresponding duty cycles as

t, t

A+Z=D,+D,;=1. 2
7 Y7 =PatDz (2)
The turns ratio of transformer is defined as follows
N
N=-—5, )
Np

where Ny is the number of turns on the secondary side, and Np
is the number of turns on the primary side of the transformer.

Fig. 4 shows equivalent circuits for both, active and zero
state of the switch in the normal operation mode. Typical
waveforms for this operation can be found in [8].

Energy can be transferred to the output only during one
transistor is switched ON. At the beginning of the active state
of transistor T the transistor T is also switched ON and no
energy is transferred to the HF transformer. When transistor
Ts switches ON (Fig. 4a), the energy is transferred to the
output via the HF transformer. Due to the short zero state
duration, transistor 75 switches ON again during transistor T
is still ON and the whole process repeats. During the zero
state of transistor 75 and active state of transistor T, the
energy is transferred to the output.
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(@ (b)

Fig. 4. Equivalent circuits of the transistor’s 7, active state (a) and zero state
(b) during normal operation.

For the active state (Fig. 4a), it can be obtained that
C))

In the zero state (Fig. 4b) of transistor 7, the transformer
voltage can be obtained as

UTRaux1 = Uy -

_ _ Uy
UTRaux1 =W —UTp = U ———
TR

(5)
where Ny is turns ratio of the HF transformer.

In the steady state operation, the average voltage over the
inductor during one operating period is zero.

oty |y ——2 |y
1°°4 1 z
NTR =0

6
7 (6)
Equation (6) can be rewritten using duty cycles
Uy
w-Dy+|\uy———1|-D;, =0, @)
Nrg

where D, represents the active state of the transistor, and D,
represents the zero state. From (7) the output voltage can be
found as:

u,-(D,+D u; - N,
u, :M'NTR | R ®)
D, 1-D,
Accordingly, the boost factor is:
u 1
k=22= “Nopp . 9
T M ©)

B. Operation with 25 % <D, < 50 %

During the start-up operation the energy stored in
transformer 7R,,; and TR, primaries, is transferred out
through secondary windings back into the input. Equivalent
circuit for this operation is shown in Fig. 5 and typical
waveforms in Fig. 6.

Operating period of the converter consists of one active and
three zero states. During the active state the corresponding
switch is conducting. The operating period can be defined as:

tytty +tyy ity =T. (10)
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Fig. 5. Equivalent circuit for operation with D, <50 %.
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Fig. 6. Waveforms for operation with D, <50 %.

During active state ¢, (ty — t;) transistor 7y is switched ON
and energy is transferred to the output via the HF transformer.
Current in the auxiliary transformer 7R,,,; primary increases
linearly with input voltage u; and stores energy into the
transformer. Equivalent circuit for this state is shown in Fig.
4a. Voltage over the transformer TR,,; primary is equal to

.

During zero state #; (t; — t;), when both transistors are
switched OFF, the currents izgu,; and irpa.. circulate over
auxiliary transformer’s secondary back to the input.
Magnetizing current of transformer TR circulates on the
secondary side [8]. Equivalent circuit for this mode is shown
in Fig. 7.

Voltage over the transformer 7R,,; primary is equal to
input voltage and N,,,; ratio.

o
N,

aux

UTRaux1 = (11)

During zero state t7; (t, — t3), transistor Ty is switched ON
and energy is transferred to the output via the HF transformer.
At the same time current in the transformer 7R, primary
increases linearly with the input voltage u; The voltage
applied to 7R,,,; primary is equal to (5).

Zero state 73 (t; — ty), is identical to the interval ;.

Dauxt

Fig. 7. Equivalent power circuit for intermediate state during start-up.

Equations for steady state analysis in CCM can be written
as follows

u u
ul'tA+[_N1 j'(t21+t23)+[ul_N2 J'tzz
aux TR
=0. (12
_ (12

Equation (14) can be rewritten using duty cycles

u

ul-DA+[— ]-(DZI+DZ3)+[u1—]<:—2]~DZZ=O. (13)
TR

aux

Taking into account that in the CCM the zero state duty
cycle Dy, is equal to the active state D4 and the zero state Dy,
is equal to Dz;. Thus, we can simplify (10)

2D,+2D, =1, (14)
accordingly
1-2D
D, =-———4 (15)
2
Equation (13) can be simplified as follows
N, 1-2D
uy=—RNIN o ———2 |-uy, (16)
aux ) DA

where boost factor for start-up operation is
p=trtm [2Nw—1‘2DAJ. a7

Uy aux A

C. Operation with 0 % <D, <25 %

In case of small loads, relatively low switching frequency
and small duty cycle the converter can start to operate in
discontinuous conduction mode (DCM), when current
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through inductor goes to zero at the end of every operating
cycle. As can be seen from (16). In DCM the discontinuous
duty cycle Dp must also be taken into account, so that

poto _ N [ZN _1-2D, —2DD]

18
u; N D, 18

Boundary condition for DCM can be derived from (17)

1
D, z2—F——-:. 19

V. SIMULATION RESULTS

To verify the mathematical model of the bi-directional dc-
dc converter, the electric circuit of this topology was

simulated in PSIM environment. Moreover, the first
experimental prototype was built and tested. Since
conventional inductors were used instead of auxiliary

transformers the prototype could be only tested in operation
mode Dy > 50 %. The simulation circuit parameters
correspond to experimental prototype’s parameters, which are
set as follows:

TABLE I

CIRCUIT SPECIFICATIONS

Parameter Value
Low side voltage (U,) 10V
High side voltage range (U,) 0...135V
Power (P) 500 W
Switching frequency (f;) 15 kHz
HF transformer turns ratio (Nzz) 33
Augxiliary transformer’s turns ratio (N,,,) 1

Next, the simulation results in steady state operation in
three different operating modes are presented. Fig. 8 presents
the simulated voltage waveforms on low and high voltage
sides in the operating mode with D, = 0.6 in continuous
conduction mode. It can be seen that both voltages are pure
DC voltages with different layer. According to (8), in case of
U; =10V, the U, = 82.5 V. As can be seen from Fig. 8,
simulation results match the mathematical model of the

topology.

Fig. 9 presents the experimental results for low and high
side voltages, tested with the same parameters as simulation.
The values of the voltages correspond to simulation results.
Small peaks seen in the experimental results are caused by
transistor switching.

Fig. 10 shows the simulated voltage waveforms on low and
high voltage sides in the operating mode with D, = 0.3 in
continuous conduction mode. Voltage U, can be calculated
accordingly to (16). In case of U; = 10 V, the U, =22 V. As
can be seen from Fig. 10 the simulation results correspond to
mathematical model of the topology.

Fig. 11 shows the simulated voltage waveforms on low and
high side voltages in the operating mode with D, = 0.15. In
this case the converter operates in discontinuous conduction
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mode and additional discontinuous duty cycle value D) in

(18) must be considered.
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Fig. 8. Simulation results for low voltage side (U;) as well as for high
voltage side (U>) during operation mode with D, = 0.6.
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Fig. 9. Experimental results for low voltage side (U;) as well as for high
voltage side (U>) during operation mode with D, = 0.6.
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Fig. 10. Simulation results for low voltage side (U;) as well as for high
voltage side (U>) during operation mode with D, = 0.3.

TABLE I1
CALCULATED VS SIMULATED RESULTS
D,=0.6 D,=03 | D;=0.15
Calculated U, [V] 82.5 22 0.2
Simulated U, [V] 82.5 22 0.016




Simulation results are compared with mathematically
achieved results in Table II. All calculated voltages
correspond to the simulation results. Slight difference in
operating mode with D, = 0.15 is caused by uncertainty of
DD.
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Fig. 11. Simulation results for low voltage side (U;) as well as for high
voltage side (U) during operation mode with D, = 0.15.

CONCLUSION

This paper proposed new topology of HF isolation stage for
ITR based on bi-directional CDR. CDR is not widely used for
voltage elevation, however this topology is appropriate to ITR
because of its bi-directional energy flow capability and
operation in buck and boost mode, in a wide range of duty
cycles. It has also a compact size, good heat dissipation,
reduced danger of overvoltage and low current ripples. The
converter is also able to operate in a duty cycle range lower
than 50 % in CCM and DCM. Mathematical analysis of
converter was done and verified with simulations. One
operating mode, with Dy, > 0.5 was also verified
experimentally. Simulation results showed that the converter
can operate in continuous conduction mode as well as in
discontinuous conduction mode. The boundary condition for
DCM was also derived. Mathematical models were confirmed
by the simulation results, which gives a solid base to move on
with real tests. As a next step the experimental prototype
should be equipped with auxiliary transformers so that it
could be tested in all three operating modes.
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Abstract— This paper presents a detailed analysis of the bi-
directional current doubler rectifier (CDR) that is a good
candidate for use in a power electronic transformer (PET).
Among various advantages the current doubler rectifier offers a
bi-directional power flow capability that is the major
requirement for the PET. This paper provides the steady state
analysis of the CDR in the bi-directional operation. In addition,
the impact of the component losses on the efficiency is analyzed.
Finally a suitable snubber circuit is proposed to damp the voltage
peaks.

Keywords- power electronic transformer, bi-directional current
doubler rectifier, steady state analysis, efficiency.

I INTRODUCTION

Distribution transformers are fundamental components in
power distribution systems. They have relatively simple
construction and high efficiency. However, they also have
several disadvantages such as heavy weight, large size,
complex protection system, high maintenance costs, and
environmental concerns regarding mineral oil. These
drawbacks are becoming increasingly important as the power
quality becomes more of a concern, which is a strong tendency
nowadays.

The idea of the power electronic transformer (PET) is
already known for over 40 years but the first serious
applications are occurring only recently [1][2]. On the one
hand, the recent efforts in the field of power electronics
semiconductors have brought new high power and high voltage
(HV) devices on the market, which increase the voltage
blocking capability of components and have made PET concept
available for high voltage applications. On the other hand,
modern trends in electrical energy technology are characterized
by steadily growing need for renewable energy sources, energy
storage, and smart grid technologies. Traditional low frequency
(50/60 Hz) distribution transformers are not anymore suitable
for such demanding application, which forces to find new
solutions [3]. The future distribution transformer will not only
be a voltage adapter but also a voltage regulator, a power factor
corrector, a protective device etc. The most feasible
configuration of the PET for active distribution networks is a
three-stage configuration that is shown in Fig. 1 [4].
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Fig. 1. Three-stage configuration of power electronic transformer.

Three-stage topology consists of an input, isolation- and
output-stages. The isolation stage, also known as a dc-dc
converter stage, converts HV DC voltage to low voltage (LV)
DC voltage. This stage includes a high frequency (4-40 kHz)
transformer and two DC-links. The dc-links enhance the ride-
through capability of the PET and allow power quality
improvement in the input and in the output. Multilevel
converter topologies can be implemented in each stage and
optimize PET for high voltage or high power applications [5]-
[7]. Majority of losses are caused in the isolation stage, which
makes it an interesting research object.

Current doubler rectifier (CDR) with the bidirectional
energy flow control and reduced output current ripple rates is
an attractive candidate for the isolation-stage. However, some
serious problems were noticed in the previous research: high
voltage peaks and rather low efficiency. In this paper those
problems are analyzed in detail and some solutions are
proposed. To estimate the efficiency and impact of the
component losses on the efficiency the mathematical steady
state models were derived. A demonstrator was built to verify
the results.

II.  CIRCUIT CONFIGURATION

The proposed isolation-stage consists of a controllable full
bridge with 4 switches T)...T, with their corresponding anti-
parallel diodes D,...D,, a high frequency transformer 7R and a
CDR. To realize the bidirectional energy flow, diodes in a
traditional CDR are replaced with the controllable switches 7
and 7, and inductors are replaced with the auxiliary
transformers TR,,; and TR, Auxiliary transformers
secondary windings are connected with the LV port through
the diodes. This provides a freewheeling path for the leakage
energy in the case of a duty cycle rate lower than 50 %.
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Fig. 2. Electric circuit diagram of the current doubler rectifier with bi-
directional energy flow capability.

Two distinct operating modes of the converter are the
forward and the reverse operating modes. In the forward
operating mode the energy is transferred from the HV side to
the LV side. In the reverse operating mode the energy is
transferred from the LV side to the HV side.

III.  STEADY STATE ANALYSIS WITH LOSSES

To model the losses and estimate their effect on the overall
efficiency of the converter the steady state analysis was carried
out. In the analysis the following losses were taken into
account: conduction losses due to collector-to-emitter voltage
drop over the IGBT-s (Ucp), voltage drop over the
freewheeling diodes (U)), voltage drop due to active resistance
of the wires on the HF primary (7 p) and secondary (7% s)
and the auxiliary transformers (r,,,). In the steady state analysis
both, the forward and the reverse operating modes are handled
separately due their different control principles. To simplify the
analysis, it is assumed that the auxiliary transformers TR,
and TR, as well as all transistors 7;...Ts are identical. For
the analysis, the switching losses, the skin and proximity
effects in the power switches and in the transformers are
neglected. Also, the influence of the leakage inductance in the
transformers is neglected.

One operating period T is taken for the basis of the steady
state analysis. The operating period of one switch in
continuous conduction mode consists of the active state ¢4
when switch is turned on and the zero state 7, when the switch
is turned off. Such assumption can be expressed as follows:

T=t,+t, M
Equation (1) can also be represented using the duty cycles

1, t
%+7Z:DA+DZ:1, )

where D, and D, are the duty cycles of the active and the zero
states of the switch, correspondingly.

In the forward operating mode the effective duty cycle
must be used, which is caused by the use of the phase shift
modulation strategy. The effective duty cycle Dy is the time
when energy is transferred to the HF transformer. The Dy
value for the CDR in the forward mode depends on the phase
shift value and can roughly be expressed as follows

DEZDA_¢7 3)

where ¢ is the phase shift value in p.u. between the two
legs of the FB.

The steady state analysis of both topologies is based on the
fact that an average voltage over the auxiliary transformer
during one operating period is zero:

1 +7

UTR‘”"\' = ? IuTRuuxdt = O (4)

t

A.  Forward operating mode

In the forward operating mode, the energy is transferred
from the HV port to the LV port. The typical waveforms and
their corresponding gate signals are presented in Fig. 3a. The
current in the auxiliary transformer is half of the total LV side
current, whereas it is determined by the ratio of the LV side
voltage and the load resistance. Each diode on the CDR LV
side conducts each half cycle. During the effective duty cycle
of the transistors 7; and T, the voltage over the auxiliary
transformer 7R, is equal to the difference between the HF
transformer’s secondary, voltage drop on Dy, 773 s, Fux and the
voltage U, over the load resistance R (see Fig. 4a). During the
overlap of the transistors 7, and T; (see Fig. 4b) the voltage
over the L,,; is equal to the LV side voltage. Next switching
cycle is identical with the previous one. The corresponding
equivalent circuits are shown in Fig. 4¢,d. It can be seen that
voltage over the auxiliary transformer L, is equal to the LV
side voltage. Thus according to the requirement (4) an equation
(5) can be derived considering all the conduction losses in the
circuit during one switching period. Eq (6) presents the
formulae for estimating the LV side voltage, which is essential
in calculating overall efficiency.

B.  Reverse operating mode

In the reverse operating mode the LV side voltage acts like
a voltage source and the HV side voltage must be estimated.
The lossy model of the CDR in the reverse operating mode is
shown in Fig. 3b. The voltage over the auxiliary transformer
TR is equal to the LV side voltage during the active state of
the switch Ty, as shown in Fig. 5a. During the overlap of the
control signals for 7, and Ty the voltage over the auxiliary
transformer TR, remains the same. During the zero state of
switch Ty the switch Ty is turned on and the voltage over the
auxiliary transformer TR, is equal to the difference between
the output side voltage and the HF transformer primary
voltages. In order to estimate the output power on the HV side
the HV side voltage and the current in the auxiliary
transformers must be determined. The the amper-second
balance of the capacitor current i~ was used for estimation of
the current in the auxiliary transformer. According to (4) the
equation system for the HV side voltage and the auxiliary
current estimation is presented in (7). Eq. (8) presents the
solution for the HV side voltage and eq. (9) presents the
solution for the current in the auxiliary transformer. Using
these two quantities the power on the HV and LV sides can be
estimated.
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IV. IMPACT OF COMPONENT LOSSES ON THE
EFFICIENCY

In order to facilitate the impact of the component losses on
the overall efficiency of the CDR the mathematical models for
both operating modes were analyzed in different operating
points. The impact of the r,,,, Uc, Up on the overall efficiency
was analyzed. Moreover, the analysis was carried out for the
different duty cycle D values. To verify the mathematical
results on the demonstrator one fixed operating point with
determined circuit parameters was selected. The parameters of

the circuit as well as the IGBT types and their corresponding
drivers are presented in the Table 1. Due to the different
control principles of the both operating modes, also different
duty cycle values were used. The overall efficiency of the CDR
was estimated using the ratio of the output side power Py and
the input side power Py (depending on the operating mode of
the CDR), that can be written as follows

2

77 — })()UT — U()UT

= -100% (10
P/N R- UIN : I[N
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TABLE 1 different control principles of the CDR in the both operating
OPERATING PARAMETERS OF CDR modes.
Parameter Value Fig.7 depicts the influence of the collector-to-emitter
HV side (Us) 200 V saturation voltage value on the overall efficiency of the CDR in
LV side (Usy) 30V the forward (see Fig.7a) and in the reverse (see Fig.7h)
Switching frequency (/) 20 Kliz operating modes. It can be seen that at the duty cycle D, = 0.43
HF transformer tums rati 0‘(N1 " 3 the efficiency in the forward operating mode varies from
Inductance of HF transformer (L,) TmH 89...94% with the increase of the Ug, value from 0...5 V. In
Inductance of auxili transform‘er the reverse operating mode at the duty cycle D, = 0.56 the
(Lua x)ary 248 pH efficiency varies from 82...98% correspondingly. As converter
TransTormer w;n ding resistances Tm0 operates in CCM then the change of the duty cycle value has
IGBT (IRG7Ph42ud1pbf) saturation minor impact on the losses caused by Ucy. As expected, the
voltage (U':. 2 18V value of the Ugy; has stronger impact on the efficiency in the
Freewheeling diode voltage drop (Up) v reverse mode since these losses occur on the LV side where
Duty cycle (Dj 2 e (forw). [ 056 (rev) even the small losses have considerable influence on the
IR4427 Dual low side power.
IGBT driver type driver Fig.8 depicts the influence of the diode voltage drop on the
IR2181 High side driver overall efficiency of the CDR in the forward (see Fig.8a) and

Fig. 6 shows the influence of the winding resistance of the
auxiliary transformer r,,, on the overall efficiency of the CDR
in the forward (see Fig. 6a) and in the reverse (see Fig. 6b)
operating modes. It can be seen that at selected duty cycle rate
the efficiency varies in a substantial ranges in both operating
modes. In the forward operating mode the efficiency for duty
cycle Dy = 0.43 varies between 74...93 % with increase of the
resistance from 0...5Q. In the reverse operating mode at the
duty cycle Dy = 0.56 the efficiency varies between 44...92%
correspondingly. It can be seen that the resistance of the
auxiliary transformer can considerably decrease the efficiency
of the CDR, especially in the reverse operating mode. As the
CDR is intended to work with high currents on the LV side,
then selecting of small winding resistance is of major
importance. Difference in the characteristics is caused by the

in the reverse (see Fig.8b) operating modes. It can be seen that
with the increase of Up in the range from 0...5 V, the
efficiency in the forward operating mode at the duty cycle Dy =
0.43 varies between 81...98 %. In the reverse operating mode
at the duty cycle D, = 0.56 the efficiency varies between
89...94 %. As expected, the diode voltage drop has more
significant influence on the efficiency in the forward operating
mode since only two diodes conduct on the LV side.

As can be concluded from the previous analysis, the
winding resistances r,, reduce the efficiency more
considerably than the Ug; and U, values in both operating
modes. Moreover, the U, and Up values reduced the
efficiency more significantly in the reverse operating mode,
where higher currents LV side caused higher losses in the
power switches.
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V.  SNUBBER CIRCUIT

During the experiments it turned out that selected
transformers have significantly high leakage inductance that
lead to the occurrence of the high voltage peaks during the
turn-off of the switches. These voltage peaks could reach 4
times the voltage over the power switch. Such side effect
creates significant constraints in using the bi-directional CDR

in the high power applications. Voltage peaks cause additional
losses in the converter and increase the voltage stress of the
power switches that in turn can lead to their burn-through. One
possible approach for minimizing the level of the voltage peaks
during the switching transient is to use snubber circuits. The
easiest way is to use a passive snubber. A suitable diode-
resistor-capacitor (DRC) type snubber for the CDR is shown in
Fig. 9 [9].
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Fig. 9. Simplified schematics of the CDR with DRC snubber circuit.

Such snubber circuit uses two diodes Dg The anodes are
connected to the collector of each IGBT and the cathodes are
connected to parallel connected RC circuit. During the voltage
peak the energy is transferred from the main circuit to the
capacitor bank Cg, afterwards the capacitor is discharged
through the resistor Rs. Such snubber was tested on the
experimental prototype. Fig. 10a depicts the voltage U, of the
transistor 7T during the switching transient. It can be seen that
steady state voltage during the turn off is round 60 V whereas
the value of the peak reaches 225 V. The same experiment was
carried out with proposed snubber circuit. The switching
transient of such circuit is shown in Fig. 105. It can be seen that
the value of the peak comprises 125 V in this case which
makes it 50 % less than without snubber.

C @ 50V )

a)

( ® 5.0V )

b)

Fig. 10. Voltage over the transistor 75 a) without snubber; b) with snubber.

VI. CONCLUSIONS

In this paper the bi-directional CDR as a candidate
topology for the isolation stage of the power electronic
transformer was studied. The paper presented the steady state
analysis with the lossy model derivation of the CDR in the
forward and in the reverse operating modes. The impact of the
winding resistance, collector-to-emitter saturation voltage and
diode voltage drop on the overall efficiency was analyzed.
Mathematical results showed that the value of the r,,, has the
biggest impact on the overall efficiency in comparison to Ucy
and Up. In addition, the higher U and U), values reduced the
overall efficiency more significantly in the reverse operating
mode rather than in the forward mode. Moreover, the leakage
inductance of the auxiliary transformers lead to the occurrence
of the high voltage peaks in the transistors that in turn cause
voltage stress in the power switches. Therefore a diode-
resistor-capacitor type snubber was proposed that reduced the
voltage peaks up to 50 %.

The research showed that the efficiency of the bi-
directional CDR can be increased up to 92 % in both operating
modes. The transistor voltage peaks can be eliminated by
proper selection of the snubber parameters. Thus bi-directional
CDR can be considered as a suitable topology for the isolation
stage of the PET.
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Abstract. This paper presents a detailed analysis of the bi-directional current doubler rectifier (CDR) that is a candidate topology for use in power
electronic transformer (PET). Among various advantages the proposed current doubler rectifier offers a bi-directional power flow capability that is the
major requirement for the PET. This paper provides the steady state analysis of the CDR in bi-directional operation. Input voltage boost properties of
converters are compared for an ideal case. Finally, the impact of losses in the components on the voltage characteristics and efficiency are
analysed.

Streszczenie. W artykule przedstawiono szczegéfowg analize podwajajgcego prostownika dwukierunkowego (CDR), ktérego topologia moze by¢
uzyta do konstrukcji transformatoréw energoelektronicznych (PET). Wsréd wielu zalet proponowany uktad oferuje dwukierunkowg mozliwosci
przeptywu energii, ktéra jest gtéwnym wymogiem dla PET. Niniejszy dokument przedstawia analize stanu ustalonego CDR w dziataniu
dwukierunkowym. Wiasciwosci zwiekszania napigecia wejsciowego tych przeksztattnikéw sg poréwnywane dla przypadku idealnego. W cze$ci
koricowej przeanalizowano wptyw strat w elementach na charakterystyke napieciowq oraz sprawno$¢ ukfadu (Sprawnos¢ i charakterystyki

napieciowe podwajajacego prostownika dwukierunkowego).

Keywords: bi-directional current doubler rectifier, steady state analysis, loss analysis, efficiency.
Stowa kluczowe: prostownik dwukierunkowy podwajajacy prad, analiza stanu ustalonego, analiza strat, sprawno$¢.

Introduction

Switching mode power supplies have been widely used
in modern industry products to supply a stable DC voltage.
In consideration of cost and efficiency, the conventional
hard switching techniques are giving way to more
economical topologies where zero voltage switching or zero
current switching can be utilized. Typically, the flyback and
forward converters are selected for low power applications,
and a half bridge converter is used for medium power
applications. Half- bridge topology has low cost in
comparison to full bridge, however the full-bridge offers
better performance in medium and high power applications
[11.

Among different soft switching techniques, a full bridge
(FB) converter with phase shift was proposed to improve
the performance of hard switching converters. The aim of
such technique is to achieve soft switching merely by use of
only the leakage inductance and output capacitances of the
controllable switches. However, the parasitic ringing
generated by the large transformer leakage and external
inductances and transformers stray capacitance can cause
additional EMI problems [2]. One of such topologies, with
the full-bridge on the primary side and current doubler
rectifier on the secondary side was described in [1], where
the ZVS conditions are analysed in a detail. Thorough
coverage of the operation of such topology in the forward
mode is presented in [3] - [6], where a detailed analysis can
be found. However, using CDR in reverse mode has been
proposed only by few authors [1], [7] - [9], thus a more
detailed analysis is required.

In the current case the main application field is the
DC/DC converter of a power electronic transformer (PET).
In such application one of the main requirements is the bi-
directional power flow capability [10] - [14]. The control task
is to keep the voltages on both sides at a constant level.
When selecting an appropriate topology it must be kept in
mind that different boost factors may become a hindrance
to achieving desired functionality. When designing the
converter it is also important to take into account that losses
in the components reduce the voltage boost and thus
converter needs to have sufficient bandwidth to
compensate losses. The proposed DC/DC FB converter
with the current doubler rectifier (CDR) has a wide voltage
regulation capability in a wide duty cycle range. Moreover, it

is capable of utilizing the parasitic elements to achieve zero
voltage switching.

This paper gives a detailed steady state analysis of the
bi-directional CDR considering losses in the elements.

Circuit Configuration

The circuit topology of the proposed DC/DC converter is
shown in Fig.1. The circuit consists of the controllable full
bridge with 4 switches T;...T4 with their corresponding anti-
parallel diodes D;...D4 and parasitic capacitances, a high
frequency transformer TR and a CDR. In order to realize
energy flow in two directions the diodes in traditional CDR
are replaced with controllable switched Ts and Ts and
traditional inductors are replaced with auxiliary transformers
Tauxt and Tauxe. Additional auxiliary circuit is added to
provide the freewheeling path for the leakage energy of the
transformers, in case the duty cycle is lower than 50 % [1].
Aucxiliary circuit redirects leakage energy of the transformers
back to the low voltage side through the diodes thus
preventing dangerous overvoltage to the switches. In
addition, the transformers have higher inductance L than
inductors used in the traditional CDR. The high frequency
isolation transformer provides required voltage gain as well
as the galvanic isolation between the input and output sides
of the converter.

Two distinct operating modes of the converter are the
forward and the reverse operating modes. In forward
operating mode the energy is transferred from high voltage
FB side to the low voltage side (buck mode). In reverse
operating mode the energy is transferred from the low
voltage CDR side to the high voltage side (boost mode).

The typical current and voltage waveforms of the
converter in forward operating continuous conduction mode
are shown in Fig.2. The FB is controlled with phase shifted
PWM, with duty cycles near Da = 0.5, whereas the phase
shift determines the effective duty cycle of the converter.
Phase shift provides the zero voltage switching capability
and desired voltage gain. At the same time, only the diodes
and auxiliary transformer primaries conduct on the CDR
side. A capacitor is used to smoothen the output voltage.

The typical current and voltage waveforms in reverse
operating continuous conduction mode are shown in Fig.3.
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Fig.2. Typical waveforms for CDR in forward operating mode

Switches Tg and Tg on the CDR side are controlled with
PWM, whereas the duty cycle of the switch can vary from
0...1. If the duty cycle is Da > 0.5 then auxiliary path is
disconnected. The power is transferred to the output during
the turn ON of one switch. Energy stored in the auxiliary
transformer is redirected into the HF transformer during the
overlap of the control signals. At the same time only the
diodes conduct on the FB side.

Main benefits of the proposed bi-directional CDR are
zero voltage switching capability for the primary switches
T;1...T4 in a wide load range, achievable to utilize the energy
stored in the output filter inductances. Moreover, CDR
allows bi-directional energy flow control. Using a HF
transformer reduces the size of the converter. Reduced
current ripples due to the transformers and offer better
thermal performance due to the current doubling effect. In
addition the CDR has reduced transient response [1].

Steady State Analysis of the CDR

In the steady state analysis both the forward and the
reverse operating modes are handled separately due their
different control principles. To simplify the analysis, it is
assumed that the auxiliary transformers TRauxr and TRauxe,
as well as all transistors T;...Tg are identical (the same
collector-emitter and freewheeling diode voltage drops). For
the analysis, the skin and proximity effects in transformers
are neglected.

The operating period T of one switch in the continuous
conduction mode consists of active state t4 and zero state
tz:
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Fig.3. Typical waveforms for CDR in reverse operating mode
(1) T=t,+t,
Equation (1) can also be represented with duty cycles

@) %A+%:DA+DZ:1,

where Ds and Dz are the duty cycles of an active and
zero states of a switch, correspondingly.

In the forward mode the effective duty cycle must be
used. The effective duty cycle De for the CDR in forward
mode depends on the phase shift value and can roughly be
expressed by

(3) Dp=D -9,

where ¢ is the phase shift value in p.u. between the two
legs of FB.

The steady state analysis of both topologies is based on
the fact that an average voltage over the auxiliary
transformers during one operating period is zero:

1 t+T
= ? JuTRauxdt = 0 ’

t

(4 ) UTRaux

In the forward operating mode, the current in the
auxiliary transformer is half of the output current, whereas
the output current is determined by the ratio of the output
voltage and the load resistance. Each diode in the CDR
conducts each half cycle. The four basic equivalent circuits
for forward operating mode are shown in Fig.4. More
detailed analysis can be found in [2], [5]. During the
effective duty cycle the voltage over the auxiliary
transformer TRaux is equal to the difference between the
HF transformer’s secondary and output voltages (see Fig.4,
a). During this period the transformer secondary voltage is
equal to multiplication of the input side voltage and
transformer turns ratio.
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Fig. 5. Switching states of CDR in reverse mode. a) active state of Tg; b) zero state of To.

During the overlap of the transistors T; and T3 (see
Fig.4, b) the voltage over the TRauxs is equal to the output
voltage. Next half switching cycle is similar to previous one,
and voltage over the auxiliary transformer TRaux1 is equal to
the output voltage. During the rest of the period the voltage
over the auxiliary transformer is equal to the output voltage.
Thus according to the requirement (4) we get

(5) (UIN'NTR_UOUT)'DE+U0UT'(1_DE)=0

where Ntk is the transformers turns ratio, U is the
voltage on the input side and Uouyr voltage on the output
side of the converter. From here the output voltage can be
evaluated as follows

6)  Uour =Up - Ngg-Dg

In the reverse operating mode the output side voltage
acts now like a source and the input side voltage must be
estimated. Voltage over the auxiliary transformer is equal to
the output side voltage during the active state of the switch
Te, as shown in Fig.5, a. During the overlap of the control
signals for Ts and Tg the voltage over the auxiliary
transformer TRauxs remains the same as can be seen in
Fig.3. During the zero state of switch Ts the voltage over the
auxiliary transformer TRauxs is equal to the difference
between output side voltage and HF transformer voltage.
Equation for the voltage over the auxiliary transformer with
Da > 0.5, considering also requirement (4), can be written in
a following way

U
(1) Uour-Dy +[U0UT _NAJ‘DZ =0,
R

from where the input side voltage can be derived:
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®) Uy = Uour '(DDA + DZ)'NTR _ U()]UT'DNTR
z Dy
Impact of Component Losses

In the previous section the lossless models of the CDR
were presented. However in practise the voltage boost
properties of CDR can be seriously affected by the losses in
the components. Moreover, the DC/DC stage of PET
comprises the biggest part of overall losses [14]. In the
DC/DC stage the following losses are present: conduction
losses of the passive and active components, switching
losses and core losses. Conduction losses are caused by
active resistances in the wires, transformer windings and
switches (collector-to-emitter voltage drop, reverse recovery
diode voltage drop). Switching losses comprise the turn-on,
turn-off and diode reverse recovery losses. The core losses
occur in the HF and auxiliary transformers. Previous steady-
state analysis included only the analysis of conduction
losses.

The conduction losses are more critical on the low
voltage and higher current side, where voltage drops over
the elements affect the efficiency significantly. For more
careful estimation of the operating characteristics of the
converter the loss elements, such as winding resistances in
the transformers and voltage drops in semiconductors,
should be added to the model. In the following analysis the
winding losses in auxiliary transformers are represented by
the resistance rau, winding resistance on transformer
primary rrr p and on transformer secondary rrr s, voltage
drop in diodes during the conduction state is Up. In addition,
IGBTSs with saturation voltage Uce were used.

As the converter is intended to be used in the isolation
stage of power electronic transformer, it is necessary for the
converter to keep specified voltage levels on both sides.
The specified voltage levels for input and output sides are
as follows
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Fig. 6. Equivalent circuit of the lossy model of the CDR. a) forward
mode; b) reverse mode
U/N =200 V; UOUT =30V

In the case of reverse operating mode the output side is
handled as an input. In further examples the duty cycles for
each operating mode are selected so that desired voltage
level could be achieved. It must be noticed that the losses
can significantly reduce the voltage gain of the converter,
thus the required duty cycle must always be bigger than the
one obtained with (6) or (8).

Forward Operating Mode

The equivalent circuit considering the losses in
components for forward operating mode is shown in Fig.6.
On FB side the losses occur due to collector-to-emitter
voltage drops Uce of transistors T...T4. On the CDR side
the diode voltage drop Up occurs in diodes Ds, Dg. All
transformers have also voltage drop due to winding
resistances. The equation (5) can now be extended with
adding the losses in the components. And thus we get
equation (9), where R designates the load resistance.
Output voltage can be thus evaluated according to (10).
The current in auxiliary transformer is half the output
current.

In order to demonstrate the impact of losses in the
components on the voltage characteristics in forward

9 U,
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Fig. 7. Equivalent circuit of the lossy model of the CDR. a) forward
mode; b) reverse mode

Uour

operating mode, then investigated topology is compared
mathematically with following parameters:

U/N=200 V;
R=10Q;

UCE= 1.8 V;
r=1mQ;

Up=16V,

DE = 045, NTR = 1/3,
where r designates the winding resistance values for
auxiliary transformers, and HF transformer resistances on
both sides. The corresponding dependency is shown in
Fig.8, a. It can be seen that losses become more significant
with the increase of the power (duty cycle) and decrease
the voltage boost in comparison to the ideal case.

Reverse operating mode

In the reverse operating mode the energy is transferred
from the low voltage output side to the high voltage input
side. The equivalent circuit considering the losses in the
components is shown in Fig.7. In this case, the collector-to-
emitter voltage drop Uce occurs in the transistors Ts, Tg on
CDR side and voltage drop Up occurs in the diodes Dy...D4
on FB side. As the converter operates with the duty cycle
Da > 0.5 then the auxiliary path is disabled and thus not
shown in the drawing.
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Fig. 8. Comparison of idealized and practical output characteristics of the CDR. a) forward mode; b) reverse mode.

The equation (7) can now be extended to adding the
losses of all elements. In order to solve the equation, the
current in auxiliary transformer is also needed to be
estimated. This can be achieved from the capacitor current,
which average is equal to zero over the whole switching
period. Eq (11) presents the corresponding equation
system. Solving this equation system gives us the solution
for the input side voltage which can be estimated according
to (12). The current in auxiliary transformer can be obtained
with (13). Current on the output side is thus twice the
auxiliary current.

In order to demonstrate the impact of losses in the
reverse operating mode, then investigated topology is
compared mathematically with the following parameters:

UIN =200 V; UCE = 1,8 V; UD = 1,6 V;

R=100Q; r=1mQ; De =0.55; Nrr=3;
The corresponding dependency is shown in Fig.8, b. It
can be seen that without losses the voltage boost can be
infinitely high. However, in the high duty cycle region losses
become very significant and thus reduce the voltage boost

rapidly to zero.

Efficiency estimation

In the following section the efficiency is estimated using
the mathematical model and experimental results. The
models were verified on the 1 kW experimental prototype.
The 6 IGBTs with switching frequency of 40 kHz are used.
The parameters of the experimental prototype are
presented in Table 1 and a picture of the prototype is shown
in Fig.9. The voltage and current waveforms on the input
and output side in forward mode are shown in Fig.10. Same
characteristics for reverse mode are shown in Fig.11. It can
be seen that specified voltage levels are effectively
achieved on both sides of the converter.

The overall efficiency of the CDR can be estimated
using the ratio of the output power Poyr and the input power
P,

2

Uour
R-U

— POUT —

B

(14) -100%

n

IN.IIN

By inserting the equations (10), (12), (13) into (14), the
efficiency of the converter in both operating modes was
calculated. The results are presented in the Table 2. In
forward mode the efficiency 86.7% was achieved while in
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the reverse mode this number is only 72.6 %. This
difference can be explained with higher conduction losses
in the CDR due to higher currents during reverse mode.
The difference between mathematical and experimental
results can be explained with the fact, that mathematical
model did not take switching and core losses of the
transformers into account.

Table 1. The parameters of the experimental prototype

Parameter Value
Input side voltage (U) 200V
Output side voltage (Uour) 30V
Switching frequency (f) 40 kHz
HF transformer turns ratio (N7x) 3
Inductance of HF transformer (L) 1mH
Inductance of auxiliary transformer 248 uH
(Lyaux)
Transformer winding resistances 10 mQ
IGBT (IRG7Ph42ud1pbf) saturation
1,8V
voltage (Ucg)
Freewheeling diode voltage drop
1,6V
(Up)
Duty cycle (D) 0.43 (forw) I 0.56 (rev)
IR4427 Dual low side
IGBT driver type driver
IR2181 High side driver

Fig. 9. Experimental prototype of CDR

High voltage peaks were observed in the input and
output voltages, as shown in Figs.10 and 11. Those peaks,
typical to current doubler rectifier, are caused by the
auxiliary transformers Tauxr, Tauxe. The problem could be
solved by implementing proper snubbers.
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Table 2. The efficiency of the CDR in defined operating point

Operating mode Forward Reverse
Estimated 86.7 % 72.6 %
Experimental 80.7 % 64 %
hon 200V 4 o "
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Fig. 10. Input and output side voltage and current waveforms in
forward mode

] ‘ | [+
. " . " Wl,
‘.fl ?M‘\‘-WM I’E\""w-..._._,___».ﬁm H‘.‘ﬁwg | | l-“.bwn.

b,““.'-'*—‘onu__.,_— :‘\\-\ !’k\\‘d—‘_* I‘.\\-.
ol i il o
:. 00V 2 -0 A @ z0v )

Fig. 11. Input and output side voltage and current waveforms in

reverse mode

Conclusion

The paper presented a detailed analysis of the voltage
characteristics of the CDR in forward and reverse operating
modes. Special attention was paid on the voltage
characteristics and efficiency of the investigated topology.
Bi-directional CDR as a candidate topology for a DC/DC
stage of the power electronic transformer (PET) is the most
critical part of the system considering the overall efficiency.
In the steady state analysis mathematical models with and
without losses were derived and analysed. It was found that
for the same operating parameters the converter can
operate at the maximum efficiency of 87 % in forward mode
and with 72.6 % in reverse mode. The results were verified
on the experimental prototype, where the measured
efficiencies are 80.7 % and 64 % correspondingly. Voltage
characteristics were studied and quite high voltage peaks
were observed in the input and output voltage.

In general, relatively low efficiency and high voltage
peaks could hinder use of such converter in PET. Future
work will include further investigation of CDR to improve its
voltage characteristics and efficiency, with proper selection
of components and by adding snubber circuits.
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Abstract. The paper analyzes the impact of the component losses on the effi-
ciency of the novel DC/DC converter. The converter is a combination of the
quazi-Z-source (qZS) network and dual active bridge (DAB). In the analysis
the mathematical loss models of the proposed DC/DC converter are derived and
efficiency is estimated. Eventually the efficiency is verified experimentally.

Keywords: quazi-Z-source inverter, dual active bridge, power electronic trans-
former.

1 Introduction

During the last decades the bi-directional DC/DC converters have become key com-
ponents in alternative energy systems. The aim of such converters is to control the
electric power flow between the sources and loads, keeping the output voltage on the
required level. This paper proposes a novel bi-directional DC/DC converter topology
that consists of the quazi-Z-source network, dual active bridge and a high frequency
transformer. A possible application of such converter is the isolation stage of the new
power electronic transformer (PET) topology where the power flow control capability
between two different voltage buses and high efficiency are the major requirements
[1-3]. In general, the power flow through the transformer can be controlled by means
of voltage elevation on one side or by applying a phase shift control of the inverter
bridges on both sides of the transformer. The phase shift control of DAB allows the
zero voltage switching to be achieved, that results in reduced switching losses and
higher efficiency. In addition, the voltage boost properties of the qZS network allows
the voltage on the DC bus to be kept on the constant level that results in lower current
stress on the switches. This paper analyzes the converter operation under such condi-
tions when the power flow is controlled only by the phase shift technique. First
the loss models are presented according to the waveforms and steady state analysis.
Also the impact of the conduction losses of the components on the efficiency
characteristics is presented. The obtained efficiency is verified experimentally.

2 Relationship to Internet of Things

Nowadays, the global power system can be described by steadily growing number
of renewable energy resources and emerging DC loads on the residential level.

L.M. Camarinha-Matos, S. Tomic, and P. Graga (Eds.): DoCEIS 2013, IFIP AICT 394, pp. 485 2013.
© IFIP International Federation for Information Processing 2013
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Continuously developing semi-conductor technology and information internet has
inspired the idea of the “Energy Internet” concept that may change energy industry
from the centralized system to the client-based distributed infrastructure, improving
this way the efficiency of the power grid through optimal management of the energy
routers. Energy router, a PET-based device that exchanges the energy between the
sources, storage devices, DC loads and end-users, is one of the most critical elements
of the Energy Internet. The PET is expected to have a bi-directional power flow, high
power conversion and power quality enhancement capabilities, plug and play
interface and optimal energy management [4]. The paper contributes to the develop-
ment of the energy router, by analyzing the suitable DC/DC converter for the power
conversion.

3 Operating Principle of the Converter

The circuit of the proposed converter, including the conduction losses in the compo-
nents is shown in Fig.1. Following conduction losses are considered: the collector-to-
emitter voltage drop of the IGBT (Ucg), diode voltage drop (Up) and the winding
resistance of the inductors L; and L, (). The converter can operate in both directions,
in the forward and in the reverse operating mode. In the forward operating mode the
energy is transferred from the HV side towards the LV side. The transistors 7s...Ts on
the HV side and 7...T, on the LV side are switched in pairs using the positive phase
shift angle ¢. In the forward operating mode the diode Din the qZS network must be
shunted with a switch S in order to allow the power flow to the LV side. In the reverse
operating mode the energy is transferred from the LV side towards the HV side. The
transistors 7;...7T, on the LV side and transistors T5s...Tg on the HV side are switched
in pairs using the negative phase shift angle ¢ as shown in Fig.2a. The switch S must
be in the opened state. The voltage on the LV side DC link can be elevated by the qZS
network. Therefore a shoot-through switching state of the inverter switches is intro-
duced, when both switches on one leg (or all 4 switches) conduct simultaneously [5].
During the shoot-through state the energy is stored in the inductors L; and L, and
transferred to the DC link during the active state. The research in [6] stated that add-
ing additional phase shift angle ¢ to the HV side bridge gate signals during the shoot-
through state on LV side allows the power of the converter to be adjusted. Proposed
technique is shown inFig.2b. Moreover, the additional phase shift can reduce the con-
duction losses in the transformer that are caused by the circulating current during the
shoot through state of the low voltage side inverter (transformer is short cir-
cuited).Considering Ny as the transformer’s turns ratio, the best performance of the
phase shift control and the lowest current stress on the switches is achieved if the
converter is designed according to the requirement

Upe =NpUpy (1)
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Fig. 2. Waveforms of the qZS-DAB converter in the reverse operating modes: a) operation
under normal conditions, b) voltage boost mode

4 Impact of the Component Losses on the Output Power

In order to facilitate the impact of the component losses on the output power of the
gZS based DAB, the mathematical models were derived based on the steady state
analysis of the qZS inverter [7] and DAB [8]. Selected circuit parameters are shown
in Table 1.

Table 1. The circuit parameters of the gZS-DAB converter

Parameter Value
HV side voltage Uy NV
LV side voltage U,y 30V
Switching frequency f; 20 kHz
MF transformer turns ratio Nyg 1/3
Leakage inductance of MF transformer Ly 10pH
Resistance of the inductors L; and L,r; 150mQ
IGBT saturation voltage Ucg 1.8V
Diode voltage drop Up 1.1V




488 V. Beldjajev, I. Roasto, and J. Zakis

4.1 Normal Mode

In the normal mode the voltage on the DC link is at the desired level and conventional
phase-shift control method is used to transfer the power. The operating period T con-
sist of the active state of the transformer and power transferred from the low voltage
side to the high voltage side can be evaluated as follows

= NxU,y =2U,)- (U, - e )D¢(l _ ‘D(p‘) -1<D_ <1 ()
loss 2fSLTR ’ R

where D, is the phase shift duration, fs is the switching frequency and Ly is the lea-
kage inductance of the medium frequency (MF) transformer.

4.2  Voltage Boost Mode

In the voltage boost mode the voltage on the DC link can be elevated to match the
desired level. The operating period 7 of the MF transformer consists of an active state
t4 and a shoot through state #; that can also be represented with the duty cycles

f, t
7A+FS=DA+DS=1. 3)

A phase shift D, is added to gate signals to adjust the power level of the converter as
shown in Fig 2b.The power transferred from the LV side to the HV side can be eva-
luated as follows

P = (UDC B 2UCE )(2N TR (UHV - 2UD ) - (UDC - 2UCE ))Dgp (1 B Ds )
loss 4fSLTR

In order to estimate the DC link voltage and thus the output and input power of the
converter the equation system (5) can be composed based on the shoot-through (see
Fig. 3a) and active (see Fig. 3b) switching states.

“4)

Fig. 3. Switching states of qZS in voltage boost mode: a) shoot through state, b) active state
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Solving the equation system the DC link voltage can be obtained as follows
U,y -2 Ds(1-Dg )-Up —2U gD
Upe =—L TRTL s( S) D CEZS (6)

where the I73 is the average transformer current during half-period and it can be ob-
tained from (4) and (5) in a following way

ITR — PIOSS . (7)

UDC - 2UCE
As can be seen from (6) the impact of component losses on the Upc depends on the
shoot-through duty cycle duration. According to (7) the transformer average current
depends on the transferred power and is inversely proportional to the voltage value on
the DC link and voltage drop of the IGBT.

Typicallya drawback of the DAB is the increase of the current stress due to the vol-
tage variation on the DC buses, however the DAB extended with the additional qZS
network allows the current stress on the switches to be reduced. The current stress on
the switchesT; and T, obtained with the simulation results for determined circuit
parameters, is presented in Table 2. According to the simulation results, the current
stress on the LV side switches can be reduced from 29 A in case of the DAB to 22 A
when the qZS-DAB operates in the voltage boost mode. Moreover, in the voltage
boost mode the current on the HV side switches can be reduced from 3A to 0.5A that
in turn results in smaller conduction and switching losses.

Table 2. Current stress in the switches

I(Ty) I(T5)
Conventional DAB 293 A 3.07 A
gZS-DAB (normal mode) 27.6 A 34 A
qZS-DAB (boost mode) 22 A 05A

5 Impact of the Component Losses on the Efficiency

In order to facilitate the influence of the component losses on the efficiency of the
qZS based DAB the derived mathematical models were analyzed for different com-
ponent values at varying phase shift duty cycles. The output and input power was
estimated and the efficiency was obtained according to the following equation
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nzh-IOO%. (11)

IN

The Fig.4 depicts the influence of the Ucr on the efficiency of the converter for dif-
ferent phase shift values. It can be seen that the increase of the Ucg from 0...3 V de-
creases the efficiency from 0.95...0.73. Increasing the input voltage would result in a
higher efficiency and relatively smaller impact of the Ucg. The influence of the active
resistance of the inductors is shown in the Fig.5. For the given circuit parameters the
increase of the r; from 0...1 reduces the converter efficiency from 0.85...0.61 for
normal mode and from 0.82...0.77 for the voltage boost mode. The influence of
the diode voltage drop on the efficiency is shown in the Fig.6. It can be seen that the
increasing the diode voltage drop Up the efficiency decreases from 0.86...0.73.
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Fig. 4. Impact of the collector-to-emitter voltage drop on the efficiency: a) normal mode;
b) voltage boost mode
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Fig. 5. Impact of the inductor resistance on the efficiency: a) normal mode; b) voltage boost
mode
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Fig. 6. Impact of the diode voltage drop on the efficiency: a) normal mode; b) voltage boost
mode.

6 Experimental Results

The experimental results were carried out on the experimental prototype for the nor-
mal and voltage boost modes. The IGBT switches IRG7Ph42ud1pbf were used in the
DAB. For the normal mode, the phase shift angle of ¢ = 10° was used. For the voltage
boost mode the gate signals with duty cycle D = 0.6 were applied on the switches, that
resulted in the shoot-through duty cycle Dy = 0.1. The phase shift in this case was
maximal D, = Ds. The voltage and current measurement results for P = 250 W are
shown in Fig. 7. According to the parameters listed in Table 1. and the dependency
shown in chapter 5, the estimated efficiency of the converter in both modes is roughly
83 %. Measurements have shown 78 % efficiency of the converter with given para-
meters. Obviously the measured efficiency is lower since the switching losses and
core losses were not taken into account in the analysis. Also on the background of the
low input voltage the Ucg has relatively bigger impact than for the higher voltages.

UTrp

2 I ‘ ’ iTRP
m ] L_._-—J L._.—-‘ ) ‘ UTRS \‘\/—\/

-y @ [T | VA ] [ EFTRU ]

a) b)

Fig. 7. Waveforms showing input voltage (Uy) and current (I;y) as well as output voltage
(Upy) and current (I5y) in normal mode (a) and voltage boost mode (b)
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7 Conclusion

The paper presented a loss analysis of the new qZS based DAB. The mathematical
loss models of the converter were derived for normal operating mode, using conven-
tional DAB control, and voltage boost mode, when the shoot-through switching state
was used to step up the voltage on the DC link. The mathematical models were ana-
lyzed for different circuit parameters. The results have shown that Ucg and Up have
significant impact on the efficiency of the converter. For this reason the components
with as low values should be selected, for example MOSFET switches if the converter
operates with low voltage. Moreover, the simulation results verified the decrease of
the current stress on the switches. The estimated efficiency for the selected circuit
parameters was roughly 83%. The experimental results in the nominal operating point
showed the 78% efficiency, which is smaller in comparison with obtained efficiency,
since the analysis did not consider the switching and core losses.
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Abstract — This paper presents a complete steady-state
analysis of the novel commutating LC-filter based dual active
bridge (DAB). Such converter is aimed to be used in the
isolation stage of the power electronics transformer. The
topology consists of the LC filter coupled with a DAB. The LC
filter allows to boost the input voltage by means of shoot-
through state of the inverter switches. The output power of the
converter is controlled by means shoot-through and the special
phase shift modulation of the DAB. The simulation results of the
proposed converter are provided.

Keywords — dual active bridge converter, commutating LC-
filter, power electronic transformer, solid state transformer.

I INTRODUCTION

Power generation, transmission and distribution are three
main parts of the modern power system, in which the power
transformers play a significant role [1]. However the
traditional transformers cannot meet the set requirements for
the future smart grid networks. The power electronics has
offered enabling technologies for the power quality
enhancements in the transmission and distribution systems.
Such systems are for example the flexible AC transmission
systems, static VAR compensators, static synchronous
compensators, unified power flow controller etc. A new type
of the power converter, named power electronic transformer
(PET), for the distribution systems was introduced in the 80’s
[2]. The PET, also called solid state transformer is a new type
of transformer that realizes voltage transformation, galvanic
isolation and power quality enhancements in a single device.
In comparison to the previous century the power ratings of
the controllable switches have significantly improved thus
enabling the PET to match the voltage and power ratings of
the distribution systems [1] — [3]. The bi-directional power
flow is the most important requirement that the PET has to
fulfil. Additional expected characteristic is the reduction of
the volumes by means of increasing the operating frequency.
A good state of art concerning different topologies of PET
has been presented in [1] — [3]. The research states that the
three stage PET topology seems to be the most promising.
This topology consists of the controllable input (AC/DC), the
isolation (DC/DC) and output (DC/AC) power electronic
stages (see Fig. 1). The isolation stage consists of two active
rectifiers and a high frequency transformer to separate the
high voltage and low voltage ports from each other.

Isolation Stage, fB 1kHz
HVDC| LVDC|

~ = I =
f=50Hz T x

Fig. 1. Three stage topology of PET.

Input Stage Output Stage

f=50Hz

Many different DC/DC converter topologies have already
been proposed for the isolation stage of the PET. The
research in [3] has proposed a three stage topology based on
modular multilevel design. Moreover, the matrix converter
based topology has been proposed in [5]. However these
topologies require a high number of switches and they lack
the voltage step-up properties. A bi-directional current
doubler based isolation stage for PET was proposed in [6].
Such converter has good voltage boost and current ripple
cancellation properties, however significant number of
inductive elements make this circuit hard to use without
additional snubber circuit which in turn increases the losses.
In particular, the drawback of many conventional DC/DC
converters is the growth of switching losses and increase of
the undesired effects caused by the parasitic elements, such
as stray inductance of the transformer, capacitance of the
switches and diode reverse recovery. One of the known
topologies that can utilize effectively the circuit parasitics is
the dual active bridge (DAB) that varies the phase angle of
the control signals to control the output power magnitude and
direction [7]. Moreover, DAB based isolation stage for PET
has already been built for tens of kilowatts [8]. The best
performance of the DAB is achieved when the voltage on the
transformer primary and the reflected secondary voltages are
equal. In such case the current stress on the devices is
minimal and soft switching can be effectively achieved that
results in higher efficiency. Under the realistic conditions the
voltages on the primary and the secondary can vary in a wide
range depending on the load. This results in a DC bus voltage
reduction that in turn increases the current stress on the
components.

In order to overcome these drawbacks different attempts
have been made to achieve the desired voltages on the
primary and the secondary sides of the transformer. The
research in [9] proposed to extend the DAB with a
commutating LC filter for voltage elevation. The topology
consists of the two full bridges and one commutating LC
filter circuit with an active clamped capacitor. The voltage
elevating properties of commutating LC-filter in DC/DC
converters have been discussed and analysed by many
authors [10]-[14]. Reduced number of passive elements of the
LC-filter results in reduced costs, dimensions and increased
power density of the whole system [11]. One of the
advantages is the ability of active clamped circuit to limit the
voltage overshoot of the switches and utilize energy stored in
the transformers leakage inductance for achieving ZVS [12].
It has also been shown that this topology is effective in the
renewable energy systems [13]. This paper proposes to
extend the DAB with the commutating LC filter by utilising
the phase shift control technique and employ modulation
scheme that was proposed in [9]. The voltage on the DC link
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is controlled by means of the shoot-through state duration and
the output power is additionally controlled by employing the
phase shift between the gate signals of the switches on the
both HV and LV side bridges.

The paper presents the steady state analysis the actively
clamped LC-commutating filter based DAB topology for the
isolation stage of PET.

1L COMMUTATING LC-FILTER BASED DAB

The proposed commutating-LC filter based DC/DC
converter consists of the two voltage sources Uy, and Upy,
the inductor L;, the capacitor C; and the clamping power
switch T¢, switches 7;...T, on the low voltage (LV) side,
switches 75...T on the high voltage (HV) side and a high
frequency (HF) transformer as shown in Fig. 2. An additional
inductance Lz is added in series with transformer winding.
Under the nominal conditions, neglecting all losses in the
passive and active components, the voltage on the LV side
and the reflected voltage on the HV side must satisfy the
condition

Uy =Upc=Np -Upy., (1

where U,y is the voltage on the LV side, Upc is the voltage
on the DC link, Uyy is the voltage on the HV side and Ny is
transformers turns ratio. The transformer turns ratio Npy is
defined as follows

N
N R = TP B (2)
S
where Ny is the number of turns on the HV side, and Np is the
number of turns on the LV side of the transformer.

The switches of the DAB are switched in pairs with the
duty cycle D = 50 % and the power flow of the converter is
controlled by means of the phase angle ¢ between the
corresponding legs of the DAB on the LV and HV sides
whereas the LC performs the low pass filtering on the LV
side. Thus, the switch 7. is turned ON constantly. In
particular, the converter operates as a conventional DAB
topology where the magnitude of the phase angle determines
the output power value and the sign of the phase angle
determines the direction of the power flow. If the phase angle
is positive then the power is transferred from the LV side to
the HV side. Vice versa is valid for the negative sign of the
phase angle. The typical waveforms and gating signals of the
switches are shown in Fig. 3. If the boost of the input voltage
is not needed then LC network provides only the low pass
filtering.

However, under the realistic conditions the voltage on the
low voltage side may vary in significant ranges that can result
in a poor power control, increased current stress on the
components and thus lower efficiency. The proposed
commutating LC filter topology enables to boost the voltage

Fig. 2. Circuit of the proposed commutating LC-filter based DAB

on the DC link by means of the shoot-through switching state
duration control. During the shoot-through state the switches
T;...T, are turned ON simultaneously and the energy is stored
in the filter inductance Z,;. During the shoot through state the
switch 7¢ is turned OFF in order to prevent short circuiting of
the capacitor C; Voltage on the DC link Up¢ during the shoot
through is zero. From here it can be seen that the switch 7¢
switches two times faster than the switching frequency of the
DAB transistors. During the active state, the power is
transferred from the LV side to the HV side of the converter.
The gate signals with both transformer voltages and
transformer current waveforms are shown in Fig. 4a. During
the time interval #,...t;, also shown as a phase shift duration
t,, the transistors 7;...T, are in the shoot-through state and
Ts...T; are switched on the HV side. The voltage Upyy is
applied to the transformer HV side and the current in the
transformer increases linearly. In addition, due to the shoot-
through condition the current in the inductor L; increases
linearly, while the capacitor C; is separated from the circuit
by means of turning OFF the switch T¢. During the interval
t;...t, the switches T,...T, and Ty Ty are turned ON and the
converter is in the freewheeling state that is used to control
the output power of the converter. The capacitor is kept
separated from the circuit and current in the inductor keeps
rising. During the time interval ¢,...z; the switches 7}, Ty, Ts
and Ty are turned ON, however the current flows through the
freewheeling diodes of 75 and Ty towards the HV side. The
transformer current becomes equal to the DC link current and
power is transferred from the LV side towards the HV side.
As can be seen, considering requirement (1) the output power
can thus be adjusted by controlling the duration of time
interval #)...t; (phase angle ¢). The second half-cycle is
symmetrical to the previous one and the transformer current
repeats with negative sign during the period 772 < ¢ < T,
where T is the duration of the switching period, interval
ty...ts. In order to illustrate the current and voltage behaviour
on the LV side, the inductor current /;;, the voltage on the
DC link Upc, capacitor current /c; and current through the
active switch /7, are presented in Fig 4b.

A
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T2 T3 1 C ot
| | ot
TsTe| [ [,
11 [ | 't
T T7 N } [ | ‘ } >
l L L R
Urrp | 1 1 >
| 1 l t
1 } |
Urrs [ } ; ™
Bt
Itrp %t
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Fig. 3. Gate signals and typical waveforms of conventional DAB
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Fig. 4. Gate signals and typical waveforms of the commutating LC filter based DAB

The slope of the transformer current can vary under
different load and varying voltage levels on the LV and on
the HV sides. The possible shapes of the transformer current
are shown in the Fig 5. If the voltage on the LV side is higher
than the reflected HV side voltage, then the transformer
current has a rising slope on during the non-shoot-through
state. If the LV side voltage is lower than the reflected HV
side voltage, then current has a decreasing slope. In the ideal
case the LV side and reflected HV side voltage are equal, and
transformer current has a flat slope. In order to achieve such
condition, the boost properties of the commutating LC filter
have high importance.

|

Itrp i
ULv BNTRUHV —_

Itrp
ULv =NTRUHV

Itrp /—‘\\
ULvANTRUHV|

Fig. 5. Typical shapes of the transformer current depending on the LV and
HV side voltage levels.

I1I. STEADY STATE ANALYSIS

For the steady state analysis it is assumed that all switches
are ideal, all passive elements are ideal, the transformer is
ideal (magnetizing and mutual inductance are equal) however
a leakage inductance Ly is added in series. In addition it is
assumed that converter operates in the continuous conduction
mode. Also, all the switching transients are neglected.

As the transformer current is symmetrical, it is enough to
perform the analysis for the half period, so that

Ts=5—, ®)

where fs designates the switching frequency of the switches
T;...Ts. The operating period 75 of the converter in the
voltage boost mode consists of an active state ¢4 and a shoot-
through state #;

Ty =t,+tg, “)

For better appearance of the equations the state intervals
are represented with corresponding duty cycles as follows

t t
A4S -p,+Dg=1. (5)
Ty T
Moreover, the time interval #,...t; is duration of the phase
angle #, thus the corresponding duty cycle can be presented as
follows

D,=-"2. (6)

A. Normal mode

In the normal mode, it is assumed that the voltage on the
LV and HV sides of the transformer are at the desired level
and the condition (1) is satisfied. The output power is
controlled by means of adjusting the phase shift between the
gate signals of the corresponding legs on both bridges. The
transformer current during both intervals can be described as
follows
M‘AI,IO <t<[1.
Ly 7
Uy —NiU M
Yo =NeUnv py 4 <y,

Airg =iggo +

Aipp =
Lg
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According to the research [9], [10] the output power of the
DAB can be obtained in a following way

NgUpyU,yD,(1—=|D
P TRY HV éV (/’( ‘ ‘P‘)’_]gD(pSl ®)
2fsLg

As can be seen from (8) the output power depends on the
sign and magnitude of the phase angle D,. It can also be
shown that the maximum power is transferred at the phase
angle value D, = £0.5.

B. Voltage boost mode

From the waveforms presented in Fig. 4 it can be seen that
current through the transformer is symmetrical and during the
first half-cycle ¢...t; rising with the different slopes. From
the figure it can be seen that the transformer current slopes
are linear, hence the transformer current iz can be described
as follows

Uy N
VIR Aty <t<ty =1,
I ‘

TR
Upc Uy N ©)
Aipg =W.A[,t2 <t<ty =
TR

Where iz is the initial value of the transformer current at
time instance f,. For the analysis it is assumed that the initial
value of the irgo is negative. The time period ¢,...7, is
skipped, since the current does not change during this interval
irr(t) = irr(ty). Due to the symmetry, the irg at the time
instance f; has the same value as at the time instance ¢,
however with the opposite sign. That can be expressed as
follows:

Al =iggo +

ty

(10)

irg (1) =—irp -

Thus, the transformer current during 75 can be described
with the following expression

Uny Nrr +UDC_UHVNTR(
2fsLp 2fsLg

where (1-Dy) is the active state Dy (5). The solution of (11)
gives the following expression for the current term izg o

1
:7[NTRUHV(1_D¢ —DS)—UDC(I—DS)], (12)
4fsLr
Inserting the solution from (12) into (9) allows the current
value at the time instance #; to be obtained in a following way

irgo + 1-Dg)= —irgo,(11)

IR0

1
4fsLg

In order to obtain the output power level of the converter,
it is necessary to determine the average current of the
transformer during the half-cycle. The average current can be
obtained by solving the following integral for the half-cycle
switching period Ts.

i) = [NTRUHV(1+D¢_DS)_UDC(l_DS)l(l?’)

Tg
1F,
Ip = — J'ITR (t)dt. (14)
TS

)

=
U3s
—

'Y T3 Y

T ‘ Ty Tay

Fig. 6. Equivalent circuit of the converter in shoot-through state (a) and
active state (b).

Knowing the average current value determined by (14)
allows the transferred power during the half-cycle T to be
obtained. The instantancous power can be calculated by
multiplying the instantaneous current and voltage values.
Assuming that the voltage on the transformer terminals is
constantly equal to the DC link voltage Upc and using the
expression (14), the output power can be obtained in a
following way

T
1 .
P:Fju(t)'lTR(t)dt:UDt"ITR' 15)
S

Inserting the solutions from (12) and (13) into (14) the
average transformer current /rz during the period Ts can be
evaluated. Iz is a sum of current terms at different time
instances. Considering (9) and (10) the transformer average
current during 7 can be expressed as follows

1 . . . .
= ———llit) +i1))- D, + (it =i)- (- D5} 16)
4fsLg
And inserting /7 from (16) into (15) the supplied power P
can be estimated in a following way

(2NTRUHV _UDC)D(p(l _DS)
4./:S'LTR

As can be seen from (17) the output power depends
proportionally on the phase angle value D, shoot through
duty cycle Ds, voltage levels Uy and Upp and inverse
proportionally from the switching frequency fs and the
leakage inductance Ly of the HF transformer.

Next it is essential to determine the DC link voltage level
and the boost factor of the converter. The estimation of the
boost factor is based on the fact that in the steady state
operation the average voltage over the inductor during one
switching period T is zero as can be seen from the Fig. 3.

1}
Uy, :—juLl(t)dt =0.
Ts

fy

ITR

P=Upe- 0< D, <Dg. (17)

18
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The equivalent circuit of the shoot-through state is shown
in Fig. 6a. It can be seen that the voltage over the inductor L,
is equal to the LV side voltage

up =Uy - Dy.

19)
The equivalent circuit for the active state is shown in the

Fig. 6b. The voltage over the inductor is equal to the sum of
the voltages on the LV side and capacitor C;

up =Wy =Ug)-(1-Dy). (20)
From (18), (19) and (20) the following expression can be
written to describe the inductor voltage

uy =Upy -Dg+ ULy —Ugq)-(1-Dg)=0. (21)

And the capacitor voltage, hence the DC link voltage, can
be derived from (21) as follows

Ur

1-Dg’

It can be seen that boost factor of the converter is same as

for the traditional boost converter and depends on the shoot-

through state duration Ds. Knowing the output power (17)

and the DC link voltage (22) the average current through the
inductor L; can be estimated as follows

P

Uy
The inductor current achieves its maximum value by the
end of the shoot-through state. Thus, knowing the inductance

L, and shoot-through state duration the inductor current
ripple can be estimated in a following way

ULV
Lifs

Moreover, knowing the maximum I,y value of the
transformer current obtained from (13) the peak-to-peak
value of the capacitor C; can be expressed as follows [12]

Al ey =2(L ppux — 1 1y)- (25)

In practise, the parameters necessary for the LC filter
inductance are defined by (24). At maximal shoot-through
duty cycle Dgmax the full change of current must be on the
accepted level, thus the filter inductance can be selected
accordingly

Ucy = (22)

Iy = (23)

Al =

Dy. (24)

2
_ Uiy Ds ymux

Kfs Py
where Py designates the desired nominal output power of the
converter.

L , (26)

Fig. 7 depicts the influence of the phase angle D, and
shoot through duty cycle Dg to the output power of the
converter. The graphs are obtained analytically using
following parameters: fg = 20 kHz, L7z = 6 pH, Uy =200V,
Nrg = 6.6, Upc = 30 V. It is assumed, that the converter
operates at its maximal power level, so that D, = Ds. It can be
seen that DC link voltage is kept on the constant level of 30
V when the input voltage is decreasing. The maximal power
of the converter is achieved when the shoot-through duty
cycle and thus phase angle are Dg = 0.5. Fig. 8 depicts the
influence of the phase angle value to the output power, while
keeping the shoot-through duty cycle at the constant value Dy
= 0.5. It can be seen, when input voltage falls to 15V, the

converter keeps the DC link voltage still at required level.
The output power depends linearly from the D, and achieves
its maximal value at D, = Ds.

o Ubc L5

Power [W]

|~
Vollags [V

Uwv({Ds)

0 02 04 05 08 T
Shoot-through duty eycle Ds

Fig. 7. Output power P(Ds) and DC link voltage Upc dependency of the
shoot-through duty cycle by D, = Ds

50 35
- Ubc 515
10 s
33 245
Z =
E 20 Ly 115 gp
& 20 1 =
15 105
mofP(D(p)
5 5

0 01 02 03 04 03
Phase angle duty cycle Dg

Fig. 8. Output power P(D,) dependency of the phase angle duty cycle by
constant Uyy, Upc and the shoot-through duration Ds=0.5.

IV. SIMULATION RESULTS

In this chapter the simulation results of the proposed
converter are presented. The aim of the simulations is to
verify the theoretically obtained results. First the converter is
simulated in the normal mode, considering requirement (1).
In the normal mode the DAB is controlled using conventional
phase shift modulation. During this operating mode the LC
network performs low pass filtering. Afterwards the voltage
boost mode of the converter is simulated using the
modulation shown in Fig. 4. The parameters used in the
simulation circuit are presented in Table 1.

Fig. 9 shows the voltages on both sides of the transformer
and the current flowing through the transformer primary. The
phase shift between the two voltages is clearly seen and
current has the waveform that corresponds to theoretical.

Table 1. LC-DAB Circuit Parameters

Parameter Value
Low side voltage Uy 27/30 V
High side voltage Uyy 200 V
Transformer turns ratio Ny 1/6.6
Inductor L, 100 uH
Capacitor C; 150 uF
Switching frequency fs 20 kHz
Output power 1 kW
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Fig. 10 depicts the voltages on both sides of the
transformer and the current in the transformer primary in the
voltage boost mode. It can be seen that transformer current
rises during the phase shift duty cycle, and afterwards stays
on the constant level during the freewheeling state described
in chapter 2. All waveforms are identical to the theoretical
ones.

V. CONCLUSION

The paper presented the steady-state analysis of the
commutating LC-filter based DAB DC/DC converter. One
possible application for the above-mentioned converter is the
isolation stage of the PET. If the voltage levels on the HV-
DC link and LV-DC link are at the desired level, the
converter operates as a traditional DAB and the phase shift
modulation is employed. The LC network provides a low
pass filtering of the DC link voltage. However, under the
realistic conditions the voltage on the LV DC link may
decrease and that in turn would result in increased current
stress and lower efficiency. In that case the special
modulation state, shoot-through, is used to boost up the
voltage on the DC link to the desired value, separating the
capacitor from the network by means of an additional switch.
In addition a special phase shift modulation is used to control
the output power of the converter. The equations for
estimating the output power and the boost factor of the LC
filter, neglecting the losses, were derived. Also, the power
characteristics were presented and the results were verified
with the simulations. It can be said that employed modulation
scheme for the boost mode allows to additionally control the
output power by means of a phase angle. However, a more
comprehensive analysis is necessary to assess the feasibility
of such topology in practice. The conduction and switching
losses in the real switches may have significant impact on the
overall efficiency. Moreover, the switching and core losses

increase with the switching frequency and need to be paid
attention during the design. In addition, due to voltage fed
nature, special considerations regarding EMI for this
topology.

Next step of the research is to build the prototype of the
converter and perform soft-switching and loss analysis in
order to estimate the efficiency.
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Abstract — This paper presents a steady state analysis of the
commutating LC-filter based dual active bridge (DAB)
considering the conduction losses in the components. The aim is
to use this converter in power electronic transformer (PET). The
LC-filter offers the boost properties with a small component
count and DAB allows effective power flow control and soft
switching capabilities. Such combination allows the voltage on
the transformer terminals to be kept at the desired level to
enable the best performance of the converter. In order to
facilitate the impact of the losses on the power characteristics
and efficiency the mathematical loss models are derived and
experimental results are presented.

Keywords — dual active bridge converter, commutating LC-
filter, power electronic transformer, conduction losses.

I INTRODUCTION

Power generation, transmission and distribution are three
main parts of the modern power system, in which the power
transformers play a significant role [1]. The power electronics
has offered enabling technologies for the power quality
enhancements in the transmission and distribution systems.
Such systems are for example the flexible AC transmission
systems, static VAR compensators, static synchronous
compensators, unified power flow controller etc. The PET, is
a new type of transformer that realizes voltage
transformation, galvanic isolation and power quality
enhancements in a single device. The PET is suitable for the
use in the power systems that comprise renewable energy
sources, energy storage devices as well as different type of
loads. Thus the bi-directional power flow is the most
important requirement that the PET has to fulfil. Additional
expected characteristic is the reduction of the volumes by
means of increasing the operating frequency. A good state of
art concerning different topologies of PET has been presented
in [1] — [4]. The research states that the three stage PET
topology seems to be the most promising. This topology
consists of the controllable input (AC/DC), the isolation
(DC/DC) and output (DC/AC) power electronic stages (see
Fig. 1). The isolation stage consists of two active rectifiers
and a high frequency transformer to separate the high voltage
and low voltage ports from each other

Isolation Stage, f @ 1kHz Output Stage
C|

Input Stage

~ = 3 gJ‘L - =
f=50Hz, T T
= JL = ~

Fig. 1. Three stage topology of PET.

f=50Hz

Many different DC/DC converter topologies have already
been proposed for the isolation stage of the PET. In
particular, the drawback of many conventional DC/DC
converters is the growth of switching losses and increase of
the undesired effects caused by the parasitic elements, such
as stray inductance of the transformer, capacitance of the
switches and diode reverse recovery. One of the known
topologies that can utilize effectively the circuit parasitics is
the dual active bridge (DAB). As a matter of fact, DAB based
isolation stage for PET has already been built for tens of
kilowatts [5]. The best performance of the DAB is achieved
when the voltage on the transformer primary and the reflected
secondary voltages are equal. In such case the current stress
on the devices is minimal and soft switching can be
effectively achieved that results in higher efficiency. Under
the realistic conditions the voltages on the primary and the
secondary can vary in a wide range depending on the load.
This results in a DC bus voltage reduction that in turn
increases the current stress on the components. This issue can
pose a major drawback of the DAB. In order to overcome this
drawback an additional boost circuit can be added to the low
voltage side. The commutating LC-filter network has been
widely proposed for the DC/DC converters that are used in
renewable energy systems [6]-[11]. Reduced number of
passive elements of the LC-filter results in reduced costs,
dimensions and increased power density of the whole system.
One of the advantages is the ability of active clamped circuit
to limit the voltage overshoot of the switches and utilize
energy stored in the transformers leakage inductance for
achieving ZVS [9]. It has also been shown that this topology
is effective in the renewable energy systems [10]. If the
voltage level on the low voltage (LV) side drops below the
desired value, the converter can elevate the voltage on the DC
link and thus guarantee the best performance of the DAB.
However, additional circuit results in increased conduction
losses that in turn decrease the efficiency. For this reason, the
impact of the conduction losses is essential and needs to be
taken into account when designing the converter.

1L COMMUTATING LC-FILTER BASED DAB

The commutating LC-filter based DAB consists of the two
voltage sources Uy and Upy, the inductor L;, the capacitor
C; the clamping power switch 7, switches 7;...7, on the low
voltage (LV) side, switches Ts...Ts on the high voltage (HV)
side and a high frequency (HF) transformer as shown in Fig.
2. An additional inductance L;; is added in series with
transformer winding. Under the nominal conditions,
neglecting all losses in the passive and active components,
the voltage on the LV side and the reflected voltage on the
HYV side must satisfy the following condition
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Fig. 2. Circuit of the proposed commutating LC-filter based DAB

Uy =Upc =N -Upy, (1

where U,y is the voltage on the LV side, Upc is the voltage
on the DC link, Uy designates the voltage on the HV side
and Ny is transformers turns ratio. The transformer turns
ratio Ny is defined as follows

N
Nip = @)
N
where Ny is the number of turns on the HV side, and Np is the
number of turns on the LV side of the transformer. The

current stress on the components is minimal when condition
(1) is fulfilled.

If the voltage on the LV side drops below nominal value,
then it must be elevated by the additional LC extension. The
proposed commutating LC-filter topology enables to elevate
the input voltage by means of the shoot-through switching
state duration control. During the shoot-through state the
switches T...T, are turned ON simultaneously, the energy is
stored in the filter inductance L;. During the shoot through
state the switch 7¢ is turned OFF in order to prevent short
circuit of the capacitor C;. Voltage on the DC link Upc
during the shoot through is zero. From here it can be seen that
the switch 7T switches two times faster than the switching
frequency of the DAB transistors. During the active state, the
power is transferred from the LV side to the HV side of the
converter. The waveforms of the gate signals, transformer
voltages on HV and LV side, and the transformer current are
shown in Fig. 3. During the time interval #,...#;, also shown as
a phase shift duration #,, the transistors 7;...T, are in the
shoot-through state and 75...T; are switched ON the HV side.
The voltage Uyy is applied to the transformer HV side and
the current in the transformer increases linearly. In addition,
due to the shoot-through state the current in the inductor Z;
increases linearly, while the capacitor C; is separated from
the circuit by turning OFF the switch 7. During the interval
t;...t; the switches T,...T, and Ty Ty are turned ON. In this
case the converter is in the freewheeling state that is used to
control the output power of the converter. The capacitor is
kept separated from the circuit and current in the inductor
keeps rising. During the time interval ¢,...; the switches 77,
T, Ts; and Ty are turned ON, however the current flows
mainly through the freewheeling diodes of 75 and T towards
the HV side. During the active state, the switch 7 is turned
ON. The transformer current becomes equal to the DC link
current and power is transferred from the LV side towards the
HV side. As can be seen, considering requirement (1) the
output power can thus be adjusted by controlling the duration
of time interval #,...¢; (phase angle ¢). The second half-cycle
is symmetrical to the previous one and the transformer
current repeats with negative sign during the period 7/2 < t <
T, where T is the switching period, interval #,...¢5. The voltage
applied to the leakage inductance Lz is determined by the
difference of the input and output voltages

Ui =Upc =Nz Upy- (3)
4
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Fig. 3. Gate signals and typical waveforms of the commutating LC filter
based DAB
II1. STEADY STATE ANALYSIS

For the steady state analysis it is assumed that all switches
are ideal, all passive elements are ideal, the transformer is
ideal (magnetizing and mutual inductance are equal). In
addition it is assumed that voltage sources U,y and Upy are
constant and converter operates in the continuous conduction
mode. Also, all the switching transients are neglected.

As the transformer is symmetrical, it is enough to perform
the analysis for the half period, so that

T
2fs’

where fs designates the switching frequency of the switches

T;...Ts. The operating period Ts of the converter in the

voltage boost mode consists of an active state z, (¢,...73 and
ts...ts) and a shoot-through state #5(#...7; and t;...15)

4)

S

Tg=t,+tg. 4)
The state intervals can also be represented with
corresponding duty cycles as follows
t t
A4S —p,+Dg=1. (6)
Ty Ts

Moreover, the time interval #,...t; is duration of the phase
angle #, (ty...t; and f;...t,) thus the corresponding duty cycle
can be presented as follows

D,=—"*. (7
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From the waveforms presented in Fig. 3 it can be seen that
current through the transformer is symmetrical and during the
first half-cycle #...#; rising with the different slopes. From
the figure it can be seen that the transformer current slopes
are linear, hence the transformer current iz can be described
as follows:

Uyy N
IR An g <t <ty =t

Upc-U n;\’ ®
—DC ZHVIR Aty St <ty =ty
LTR

In (8) izro is the initial value of the transformer current at
time instance #,. For the analysis it is assumed that the initial
value of the iz, is negative. The time period ¢...7; is
skipped, since the current does not change during this interval
irr(t;) = irr(t;). Due to the symmetry, the irg at the time
instance f; has the same value as at the time instance ¢,
however with the opposite sign. That can be expressed as
follows:

Aigp =i o+

Aipp =

irg (t3) = —irpo- Q)
Thus, the transformer current during 7 can be described
with the following expression
Uyy N Upe =Uyy N .
HV VTR X + DC HVYTR (l_DS):_lTR,O’ (10)
2fsLyg 2fsLg
where (1-Dg) is the active state D, duty cycle (5). The

solution of (11) gives the following expression for the current
term izg o

Irgo +

. 1
IR0 :7[NTRUHV(1_D¢ _DS)_UDC(I_DS)l (11)
4fsLg
Inserting the solution from (10) into (8) allows the current
value at the time instance #; to be obtained in a following way

_ 1
i(t}) = ————[NyU y 14+ D, = Dg) = U pe (1= D)} (12)
4fsLy
L uLt
H *-
iL1 I 1Y T: ¥
ULy
T l T:¥ T+ ¥

Fig. 4. Equivalent circuit of the converter in shoot-through state (a) and
active state (b).

In order to obtain the output power level of the converter,
it is necessary to determine the average current of the
transformer during the half-cycle. The average current can be
obtained by solving the following integral for the half-cycle
switching period 7.

TS

1
1 :—Ji t)dt.
TR TS TR()

lo

(13)

Knowing the average current value determined from (13)
allows the transferred power during the half-cycle T to be
obtained. The instantanecous power can be calculated by
multiplying the instantaneous current and voltage values.
Assuming that the voltage on the transformer terminals is
constantly equal to the DC link voltage Upc and using the
expression (13), the output power can be obtained in a
following way

T
1 .
P [u0) iyt =Upc . (14)
N

fy

Inserting the solutions from (11) and (12) into (13) the
average transformer current /7z during the period 75 can be
evaluated. Iz is a sum of current terms at different time
instances. Inserting /7 from (13) into (14) the supplied power
P can be estimated in a following way

(2N7gU yy =U pe)D, (1= Dy)
4fSLTR

As can be seen from (15) the output power depends
proportionally on the phase angle value D, shoot through
duty cycle Dg, voltage levels U;y and Upyp and inverse
proportionally from the switching frequency fs and the
leakage inductance Lz of the HF transformer.

Next it is essential to determine the DC link voltage level
and the boost factor of the converter. The estimation of the
boost factor is based on the fact that in the steady state
operation the average voltage over the inductor during one
switching period T is zero as can be seen from the Fig. 3.

Ty

1
Un =7 qu (t)dt = 0.

fy

P=Upc- 0<D, <Dy. (15)

(16

The equivalent circuit for the shoot-through state is shown
in Fig. 4a. It can be seen that the voltage over the inductor L;
is equal to the LV side voltage
an

The equivalent circuit for the active state is shown in the
Fig. 4b. The voltage over the inductor is equal to the sum of
the voltages on the LV side and capacitor C;

up =Upy —Ugy)-(1-Dy). (18)
From (16), (17) and (18) the following expression can be
written to describe the inductor voltage
up =Upy -Dg+ Uy —Ug)-(1-Dg)=0.  (19)
And the capacitor voltage, hence the DC link voltage, can
be derived from (19) as follows

up =Upy - Dy.

ULV

Uci :UDC:1_D :
s

(20)
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It can be seen that boost factor of the converter is same as
for the traditional boost converter and depends on the shoot-
through state duration Ds. Knowing the output power (15)
and the DC link voltage (20) the average current through the
inductor L; can be estimated as follows

P

I, =—0!.
ULV

2N

V. IMPACT OF COMPONENT LOSSES ON POWER
CHARACTERISTICS

To model the losses and estimate their effect on the overall
efficiency of the converter the steady state analysis
considering conduction losses was carried out. In the analysis
following losses were taken into account: conduction losses
due to collector-to-emitter voltage drop over the IGBT-s
(Ucg), voltage drop over the freewheeling diodes (Up),
voltage drop due to active resistance of the wires on the HF
primary winding () and on the inductor (r;). For the analysis
it is assumed that converter operates in continuous conduction
mode and all transients are neglected. To simplify the
analysis, it is assumed that all transistors 7;...T are identical.
For the analysis, the skin and proximity effects in the power
switches and in the transformers are neglected. In general, the
power loss of the switch can be evaluated as

s

1 )
FJ.MCE(t)'lC(t)'dt:UCE Acays
S0

Ppr = (22)

where Ucg designates the voltage drop over the IGBT, Iy is
the average current that flows through the switch. The
conduction losses in the freewheeling diodes are evaluated in
a similar way

T,
17 .
PD:TJ‘MD(t)'lD(t)'dl:UD'IDAV, (23)

W

where Ip,y is the average current and Up is the forward
voltage drop over the freewheeling diode. Conduction losses
in the active resistance depend on the resistances value and
RMS current flowing through it

Py=r-Iays. (24)

H] Tz- T3

T2 T.

4
| *) uce ()

The circuit parameters that are used for the analysis are
presented in Table 1. The desired voltage on the transformer
LV terminals should be held on 30 V. In this case the power
magnitude depends only on the phase angle ¢ value and
highest efficiency of DAB is achieved.

Table 1. Circuit Parameters

Parameter Value
Low side voltage Uy 30V
High side voltage Upy 200V
Transformer turns ratio Ny 1/6.6
Inductor L, 100 uH
Capacitor C, 150 uF
Leakage inductance Lz 10 uH
Switching frequency fs 20 kHz
Collector to emitter voltage drop Ucg 1.8V
Diode voltage drop Up 1.1V
Inductor and transformer resistance 0.15Q

First of all it is essential to determine the impact of the
active resistance r of the transformer on the output power of
the DAB. Thus adding » to the (8) and (15) the average
transformer current during the 7 can be evaluated accordingly
to (25). The influence of r to the power characteristics for
different shoot-through duty cycles is depicted in the Fig. 7. In
addition, the phase angle duration ¢, is equal to the duration of
the shoot-through state #5 (converter operates at maximum
power). The influence of the conduction losses on the power
characteristic for different shoot-through states is shown in
Fig 8. As expected, the output power is lower in comparison
with the ideal characteristic and decreases with the increase of
the active resistance.

Next, it is necessary to perform the steady state analysis
for the loss models of commutating LC filter based DAB, in
order to assess the influence of the losses on the boost
properties of the LC-filter. Therefore, two equivalent circuits
for the shoot-through state and active state are shown in Fig.
6. Considering (16), the voltage over the inductor L; and
adding the conduction losses of the DC link voltage
evaluation into (19) the voltage over the inductor L; during Ts
can be described according to the equation defined in (26).
From (26) the voltage on the DC link considering the losses
can be expressed as follows

a)

Fig. 5. Switching states of the converter in the shoot-through state (a) and the active state (b).

D,(Ds =1)Upc -r{1=D, = Dg )+ Upyy Ny (8L - £ +r(1+ D, + D )]

Ipg =

2|((Dg ~1)-2L- 1)-(4L- f +D,r)|
up =Wy =Uqe =1, 1) D+ Uy, =1, -1, —Ug)-(1-Dg)=0.

0<D,<D

0<D, <Dy (25)

(26)
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The transferred power of the converter can be evaluated
according to (14) and inductor current according to (21). In
order to obtain the losses in the capacitor C;, the maximum
value of the 7, has to be determined. The peak of capacitor
current depends on the peak value of the inductor current
1; maxin a following way

1 -1
Io= LmAx “1L (28)
2
where /; max can be evaluated as follows:
Al U,y=-Ucp—1;-r
I =] +=L gy 4LV FCE L Ly (29
Lvax =4t L 4f -1 5-(29)

Due to the symmetry of the capacitor current and
considering that current changes linearly the loss power in the
switch T¢ can be described as follows

1- Dy

PC:IC[ j‘(UCE*'UD)- (30)

V. IMPACT OF COMPONENT LOSSES ON THE EFFICIENCY

In order to facilitate the impact of the component losses on
the efficiency of the converter the mathematical models
derived in previous chapter are used. In addition, the
efficiency was measured on the experimental prototype in the
nominal operation point. Considering that the power can flow

in both directions the efficiency can be determined using the
ratio of the output and input power.

‘P OUT‘

P,
n="0 - (34)

Py ‘POUT‘ +Pross
where P; g5 is a sum of the conduction losses in the inductor
(Py), transistor T¢ (P¢) and in the bridge IGBTSs (Pgpr) and
active resistance of HF transformer P,.

Pross =P+ Pc + P, + Py (35)

Fig. 9. shows the impact of the collector-to-emitter voltage
drop U¢g on the efficiency of the converter for different shoot-
through duty cycle values. It can be seen that Ucp has a
significant impact on the efficiency, and e.g. can decrease the
efficiency from 97% (Ucg =0 V) to 83 % (Ucg = 3V). For this
reason the transistors with as small U¢g as possible should be
selected. In addition, increasing the input voltage would
decrease the impact of Ucr on the overall efficiency. For
applications with lower currents the MOSFET-s should be
considered, in order to achieve higher efficiency.

Fig. 10. depicts the impact of the diode voltage drop Up on
the efficiency of the converter. If power is transferred from
LV side towards the HV side then the freewheeling diodes of
the transistors carry the major current on the HV side. Due to
high voltage, the impact of the U), is insignificant. However,
in high current application the Up can have remarkable
influence on the overall losses.

Fig. 11. shows the influence of the active resistance of the
filter inductor L; on the efficiency of the converter. As can be
seen, the increase of r; can decrease the efficiency from 91 %
(r,=0Q)even to 61 % (r. = 3 Q). Thus the active resistance
should be minimized by using wires with as high conductivity
as possible. In practice, the active resistance damps the
oscillations that are caused by the LC circuit and thus should
have reasonable value.

e, D
BN

Fig. 8. Impact of the collector-emitter voltage drop on the efficiency of the
converter with different duty cycle DS rates

The experimental prototype was used to verify the results.
The IGBTs type IRG7Ph42ud1pbf was used to form the DAB
and transformer with the turns ratio of 1:1 was used. The
voltages and currents on the input and output ports were
measured. The measured waveforms are shown in the Fig. 12.
The test was carried out using the shoot-through duty cycle of

978-1-4673-4913-0/13/$31.00 ©2013 IEEE



Ds = 0.1 and with the maximal phase angle value D, = Ds.
The measured efficiency comprised 83 %. According to the
mathematical models, the expected efficiency is roughly 92
%, without considering the switching losses and core losses
and conduction losses caused by the switching transients.

0914 D = 0.1

0 05 1 15 2 25 3

Fig. 9. Impact of the diode voltage drop on the efficiency of the converter
with different duty cycle Ds rates

rfQ]

Fig. 10. Impact of the inductor resistance ; on the efficiency of the
converter with different duty cycle Dy rates
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Fig. 11. Experimental waveforms of voltages on the LV side (U.y), HV side
(Uny) and current on LV side (/.r) and HV side (/)

VL CONCLUSION

The paper presented a steady state analysis of the
commutating LC-based DAB considering the conduction
losses in the components. The LC filter offers the input
voltage elevation properties that are necessary to keep the
voltage on the transformer LV port on the desired level, so
that the lowest current stress on the devices is achieved. The
derived mathematical models did not consider the switching
losses, the switching transients and the core losses. However,

the analysis of conduction losses has shown that the active
resistance of the transformer decreases the output power of
the converter. Moreover, the analysis showed that collector-
to-emitter voltage drop and the active resistance of the filter
inductor have notable impact on the efficiency of the
converter. The experimental result was carried out in one
operating point, keeping the DC link voltage on the desired
level. The experimental result showed efficiency of 83 %.
The 92 % efficiency was expected from the derived
mathematical models, however such difference can be
explained by the fact, that switching and core losses were not
taken into account in the mathematical models. In practise,
special considerations regarding EMI are needed for the
voltage-fed topologies whose control method includes the
shoot-through state of the switches.

ACKNOWLEDGMENT

The authors would like to thank the Estonian Ministry of
Education and Research (Project SF0140016s11), Estonian
Research Council (Grant ETF8538, ETF8687) and European
Regional Fund's for the support of this research.

This research work was partially supported by Latvian
State Research Programme “LATENERGI” and Latvian
Council of Science (Grant 416/2012).

REFERENCES

[1] She, Xu; Burgos, Rolando; Wang, Gangyao; Wang, Fei; Huang, Alex
Q.; , "Review of solid state transformer in the distribution system:
From components to field application," Energy Conversion Congress
and Exposition (ECCE), 2012 IEEE , vol., no., pp.4077-4084, 15-20
Sept. 2012

[2] van der Merwe, J.W.; du T. Mouton, H.; , "The solid-state transformer
concept: A new era in power distribution," AFRICON, 2009. AFRICON
'09. , vol., no., pp.1-6, 23-25 Sept. 2009.

[3] Heinemann, L.; Mauthe, G.; , "The universal power electronics based
distribution transformer, an unified approach," Power Electronics
Specialists Conference, 2001. PESC. 2001 IEEE 32nd Annual , vol.2,
no., pp.504-509 vol.2, 2001

[4] Beldjajev, V.; Roasto, L; , “State of art trends and design challenges of
power electronic transformer for future distribution grids” Texwiuna
enekmpoounamika, vol., no. 3, pp.55-62, 2012.

[51 Yu Du; Seunghun Baek; Bhattacharya, S.; Huang, A.Q.; , "High-
voltage high-frequency transformer design for a 7.2kV to 120V/240V
20kVA solid state transformer," [ECON 2010 - 36th Annual
Conference on IEEE Industrial Electronics Society , vol., no., pp.493-
498, 7-10 Nov. 2010

[6] Sangtack Han; Divan, D.; , "Dual active bridge buck-boost converter,"
Energy Conversion Congress and Exposition, 2009. ECCE 2009. IEEE
, vol., no., pp.2905-2911, 20-24 Sept. 2009

[7]1 Zakis, J.; Vinnikov, D.; Rankis, L; , "Steady state analysis of the
galvanically isolated DC/DC converter with a commutating LC filter,"
Industrial Technology (ICIT), 2012 IEEE International Conference on ,
vol., no., pp.827-832, 19-21 March 2012

[8] Lindroth, I; Melchert, P.; Sahlstrom, T.; , "Methods of improving
efficiency in wide input range boost converters at low input voltages,"
Telecommunications Energy Conference, 2000. INTELEC. Twenty-
second International , vol., no., pp.424-431, 2000.

[9] Watson, R., Lee, F.C., “A soft-switched, full-bridge boost converter

employing an active-clamp circuit,” IEEE PESC, 1996, Volume: 2,

Page(s): 1948 -1954 .

Lizhi Zhu; Kunrong Wang; Lee, F.C.; Jih-Sheng Lai, “New start-up

schemes for isolated full-bridge boost converters, ” IEEE APEC 2000,

Page(s): 309-313 vol.1

Hanju Cha; Jungwan Choi; Enjeti, P.N., "A Three-Phase Current-Fed

DC/DC Converter With Active Clamp for Low-DC Renewable Energy

Sources," Power Electronics, IEEE Transactions on , vol.23, no.6,

pp.2784,2793, Nov. 2008

(10

[11

978-1-4673-4913-0/13/$31.00 ©2013 IEEE



DISSERTATIONS DEFENDED AT
TALLINN UNIVERSITY OF TECHNOLOGY ON
POWER ENGINEERING, ELECTRICAL ENGINEERING, MINING
ENGINEERING

1. Jaan Tehver. Boiling on Porous Surface. 1992.

2. Salastatud.

3. Endel Risthein. Electricity Supply of Industrial Plants. 1993.

4. Tonu Trump. Some New Aspects of Digital Filtering. 1993.

5. Vello Sarv. Synthesis and Design of Power Converters with Reduced
Distortions Using Optimal Energy Exchange Control. 1994.

6. Ivan Klevtsov. Strained Condition Diagnosis and Fatigue Life Prediction for
Metals under Cyclic Temperature Oscillations. 1994.

7. Ants Meister. Some Phase-Sensitive and Spectral Methods in Biomedical
Engineering. 1994.

8. Mati Meldorf. Steady-State Monitoring of Power System. 1995.

9. Jiiri-Rivaldo Pastarus. Large Cavern Stability in the Maardu Granite
Deposit. 1996.

10. Enn Velmre. Modeling and Simulation of Bipolar Semiconductor Devices.
1996.

11. Kalju Meigas. Coherent Photodetection with a Laser. 1997.

12. Andres Udal. Development of Numerical Semiconductor Device Models
and Their Application in Device Theory and Design. 1998.

13. Kuno Janson. Paralleel- ja jérjestikresonantsi parameetrilise vaheldumisega
vorgusageduslik resonantsmuundur ja tema rakendamine. 2001.

14. Jiiri Joller. Research and Development of Energy Saving Traction Drives
for Trams. 2001.

15. Ingo Valgma. Geographical Information System for Oil Shale Mining —
MGIS. 2002.

16. Raik  Jansikene. Research, Design and  Application of
Magnetohydrodynamical (MHD) Devices for Automation of Casting Industry.
2003.

17. Oleg Nikitin. Optimization of the Room-and-Pillar Mining Technology for
Oil-Shale Mines. 2003.

18. Viktor Bolgov. Load Current Stabilization and Suppression of Flicker in AC
Arc Furnace Power Supply by Series-Connected Saturable Reactor. 2004,

19. Raine Pajo. Power System Stability Monitoring — an Approach of Electrical
Load Modelling. 2004.

20. Jelena Shuvalova. Optimal Approximation of Input-Output Characteristics
of Power Units and Plants. 2004.

21. Nikolai Dorovatovski. Thermographic Diagnostics of Electrical Equipment
of Eesti Energia Ltd. 2004.

22. Katrin Erg. Groundwater Sulphate Content Changes in Estonian
Underground Oil Shale Mines. 2005.

137



23. Argo Rosin. Control, Supervision and Operation Diagnostics of Light Rail
Electric Transport. 2005.

24. Dmitri Vinnikov. Research, Design and Implementation of Auxiliary Power
Supplies for the Light Rail Vehicles. 2005.

25. Madis Lehtla. Microprocessor Control Systems of Light Rail Vehicle
Traction Drives. 2006.

26. Jevgeni Sklovski. LC Circuit with Parallel and Series Resonance
Alternation in Switch-Mode Converters. 2007.

27. Sten Suuroja. Comparative Morphological Analysis of the Early Paleozoic
Marine Impact Structures Kérdla and Neugrund, Estonia. 2007.

28. Sergei Sabanov. Risk Assessment Methods in Estonian Oil Shale Mining
Industry. 2008.

29. Vitali Boiko. Development and Research of the Traction Asynchronous
Multimotor Drive. 2008.

30. Tauno Tammeoja. Economic Model of Oil Shale Flows and Cost. 2008.

31. Jelena Armas. Quality Criterion of road Lighting Measurement and
Exploring. 2008.

32. Olavi Tammemsie. Basics for Geotechnical Engineering Explorations
Considering Needed Legal Changes. 2008.

33. Mart Landsberg. Long-Term Capacity Planning and Feasibility of Nuclear
Power in Estonia under Certain Conditions. 2008.

34. Hardi Torn. Engineering-Geological Modelling of the Sillamie Radioactive
Tailings Pond Area. 2008.

35. Aleksander Kilk. Paljupooluseline piisimagnetitega siinkroongeneraator
tuuleagregaatidele. 2008.

36. Olga Ruban. Analysis and Development of the PLC Control System with
the Distributed 1/0s. 2008.

37. Jako Kilter. Monitoring of Electrical Distribution Network Operation. 2009.
38. Ivo Palu. Impact of Wind Parks on Power System Containing Thermal
Power Plants. 2009.

39. Hannes Agabus. Large-Scale Integration of Wind Energy into the Power
System Considering the Uncertainty Information. 2009.

40. Kalle Kilk. Variations of Power Demand and Wind Power Generation and
Their Influence to the Operation of Power Systems. 2009.

41. Indrek Roasto. Research and Development of Digital Control Systems and
Algorithms for High Power, High Voltage Isolated DC/DC Converters. 20009.
42. Hardi Hoimoja. EnergiatGhususe hindamise ja energiasalvestite arvutuse
metoodika linna elektertranspordile. 2009.

43. Tanel Jalakas. Research and Development of High-Power High-Voltage
DC/DC Converters. 2010.

44. Helena Lind. Groundwater Flow Model of the Western Part of the Estonian
Oil Shale Deposit. 2010.

45. Arvi Hamburg. Analysis of Energy Development Perspectives. 2010.

138



46. Mall Orru. Dependence of Estonian Peat Deposit Properties on Landscape
Types and Feeding Conditions. 2010.

47. Erik Vili. Best Available Technology for the Environmentally Friendly
Mining with Surface Miner. 2011.

48. Tarmo Tohver. Utilization of Waste Rock from Oil Shale Mining. 2011.

49. Mikhail Egorov. Research and Development of Control Methods for Low-
Loss IGBT Inverter-Fed Induction Motor Drives. 2011.

50. Toomas Vinnal. Eesti ettevOtete elektritarbimise uurimine ja soovituste
viljatootamine tarbimise optimeerimiseks. 2011.

51. Veiko Karu. Potential Usage of Underground Mined Areas in Estonian Oil
Shale Deposit. 2012.

52. Zoja Raud. Research and Development of an Active Learning Technology
for University-Level Education in the Field of Electronics and Power
Electronics. 2012.

53. Andrei Blinov. Research of Switching Properties and Performance
Improvement Methods of High-Voltage IGBT based DC/DC Converters. 2012.
54. Paul Taklaja. 110 kV ohuliinide isolatsiooni tdokindluse analiiiis ja
tookindluse tdstmise meetodid. 2012.

55. Lauri Kiitt. Analysis and Development of Inductive Current Sensor for
Power Line On-Line Measurements of Fast Transients. 2012.

56. Heigo Mbolder. Vedelmetalli juhitava segamisvOimaluse uurimine
alalisvoolu kaarleekahjus. 2012.

57. Reeli Kuhi-Thalfeldt. Distributed Electricity Generation and its Possibilities
for Meeting the Targets of Energy and Climate Policies. 2012.

58. Irena Milasevski. Research and Development of Electronic Ballasts for
Smart Lighting Systems with Light Emitting Diodes. 2012.

59. Anna Andrijanovit§. New Converter Topologies for Integration of
Hydrogen Based Long-Term Energy Storages to Renewable Energy Systems.
2013.

139



