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RESUMO

Esse trabalho propde um conversor de poténcia com estagio intercalado CA-CC com
caracteristicas bidirecionais factivel para aplicagdes de sistemas de ferrovia em média tensdo.
Ele ¢ baseado em um arranjo que conecta os terminais de entrada em série e de os de saida em
paralelo com modulos de poténcia idénticos. Existem dois tipos de mddulos: o Tipo A consiste
em dois bragos intercalados empregando enrolamento acoplados de tal forma que seja possivel
a conexao de um transformador operando em média frequéncia, aliado a um célula dobradora
de tensdo, enquanto Tipo B também utiliza bragos intercalados, contudo com um brago
adicional operando na frequéncia da rede, substituindo a célula dobradora. A concepgao da
topologia ¢ apresentada, seguida pela estratégia de controle adotada, bem como da modulagdo
empregada. Uma estimagdo das perdas nos semicondutores ¢ também discutida através de uma
analise comparativa utilizando resultados de simulacdo, validando o desempenho superior da
topologia proposta frente a solugdes similares. Os resultados da topologia sdo obtidos através
de testes experimentais em dois prototipos da topologia proposta considerando médulos do Tipo
A. A estrutura de um unico modulo demonstra as funcionalidades de comportamentos do
conversor sobre as condi¢des de regime permanente e transitorios, enquanto o prototipo com
dois modulos demonstra as mesmas caracteristicas em uma estrutura com multiplos modulos.
Com isso, € possivel atestar o bom comportamento em termos de eficiéncia, mesmo o conversor
proposto apresentando um nimero maior de componente magnéticos se comparado com
solugdes similares. Assim, a solucdo proposta ¢ adequada para aplicagdes de alto niveis de

poténcia em sistemas de acionamentos de maquinas de estagio CA-CC.

Palavras-chave: Transformador de estado solido. Conversor modular bidirecional. Corregao

do fator de poténcia. Modulagdo vetorial.



ABSTRACT

This work proposes an interleaved-stage ac-dc bidirectional power converter topology feasible
to medium-voltage (MV) railway systems. It is based on an arrangement that uses Input-Series-
Output-Parallel (ISOP) configuration with identical power modules. There are two types of
modules: Type A consists of two interleaved legs employing coupled-windings so that it is
possible to connect a medium-frequency transformer (MFT), together with a voltage doubler
cell, while Type B also uses the two interleaved legs, however with an additional one operating
in the grid frequency in order to replace the voltage doubler cell. The topology conception is
presented, followed by the adopted control and modulation technique. An estimation of
semiconductor losses is also discussed through a comparative analysis by means of simulation
results, validating the improved performance of the introduced approach if compared with
similar solutions. The topology results are obtained through experimental test performed in two
prototypes of the proposed topology, considering module type A. The single-module
demonstrates the converter functionalities and performance under both steady-state and
dynamic conditions, while the two-module structure demonstrates the same aspects for multi-
module configurations. It is then possible to state that good performance in terms of efficiency
even though the proposed power converter presents higher magnetic component count if
compared with similar topology, thus making it suitable to high-power AC-DC machine drive

applications.

Keywords: Solid state transformer. Modular directional converter. Power factor correction.

Space vector modulation.
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1 INTRODUCTION
1.1 Thesis contextualization and motivation

Since its initial conception, the transformer has been used in the most diverse
applications where insulation and adaptation of voltage levels are demanded. In fact, this device
is widely employed either directly or indirectly in all electrical engineering fields due its simple
design for distinct power and voltage conversion levels. In order to evidence how near this
technology is from us, the reader, very likely, is using an electronic device with transformer in
some part of its circuits to access this document, or it was used an electronic printer, which,
also, applies transformer in some part of its inner electronics circuits, to obtain the paper based
version of this document.

Transformers are the simplest magnetics circuits which can provide coupling with
one or more electric circuits and their designs suffer minor changes as both power and voltage
levels are varied. They are used in plenty kind of electric systems providing, impedance
matching between the source and the load, filtering the dc current component on an ac power
supply, and the aforementioned characteristics: galvanic insulation and voltage levels
adaptation (1).

More specifically, the power transformer ensures such characteristics in power
systems applications, such as: ac power energy transmission and distribution, as well as,
medium-voltage machine drives. However, these applications are typically based on a bulky
low-frequency device called Line Frequency Transformer (LFT) (2), as presented in Figure

1.1a.

Figure 1.1 — Power electronic converters used in traction applications: (a) Classical approach
with LFT, (b) SST-based approach with MFT

AC Catenary AC Catenary
LFT ole

link !
i@s - &
Solid State Transformer
Rail

(@) (b)
SOURCE: Author’s right.

The size, weight and volume of these devices are closely related to the respective
operating frequency, whose decrease causes the very augmentation of the magnetic (3).
Moreover, if it is necessary to deal with power quality issues, such as voltages sags, flicker,

harmonics and others, the inclusion of external devices are necessary to provide proper
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protection, increasing the global volume of the transformer even further. Besides, many
applications normally use oil inside the transformer for cooling and insulation purposes, what
has direct impact on weight and volume and implies serious environmental issues (4). It is worth
to mentioned, though, that in traction application normally the LFT are dry or oil less. On the
other hand, the efficiency of the LFTs in this applications is low, since they are typically
designed with high current densities (as less amount of copper is required) and efficiency range
about (90-95)% (5). As a result, the use of the classical power transformer can become a limiter
or even unfeasible in some applications such as traction and naval transportations (6).

In order to address a lighter transformer for such applications, the first concept
involving this matter is to replace the conventional bulky transformer operating at the line
(catenary) frequency, which is usually lower than 100 Hz (7), by a solution using a transformer
designed for an operating frequency around thousands of hertz. Such reduction is a must in
medium-voltage machine drives, more particularly in electric railway application, since a more
compact propulsion system is a requirement, resulting in the improvement of the transformer
design and reduction of the requested power with the same cargo capability. This advantage is
specially desired in Electric Multiple Units (EMU) where the propulsion system is distributed
among the locomotive’s cars (8).

Nowadays, with the power electronics development, trend applications accomplish
such transformer replacement by applying power converter topologies with medium-frequency
transformers (MFTs), these solutions are denominated as Solid State Transformer (SST), as
presented in Figure 1.1b. Then, the classical LFT is no longer the only answer, when high-
voltage, high-power capabilities are required in traction systems (9).

In fact, since the past decade both academic and the industry communities are
spending research efforts in SST in the most diverse power electronic areas. Such interest can
be note by looking the Figure 1.1, where it shown the SST-based railway systems publication
statistic for the last decade. The focus of these studies are spread in several branches of railway
traction applications, providing key concepts, new SST topologies, MFT analysis and design
improvements, viability analysis of real scenarios and related subjects (10).

Hence, all the presented information and the recently attention around the SST
applications (more specifically in traction systems) drive and motivate this PhD research and

consequently this thesis.
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Graph 1.1 — Number of scientific papers published by IEEE, related to SST-based railway
traction application, in the last decade
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1.2 Background of SST applied in traction systems

In order to allow for a better understanding about SSTs in railway traction systems
and verify their potential in this application, it is necessary to know their basic concepts, aspects,
requirements and compare them with the classical LTF approaches. Moreover, each SST
solution can be sorted into a pre-established category, which helps either their historical
presentation, as to note the evolution in the research lines of them. Hence, this chapter presents
the SST technology focused in the aforementioned branches, as well as, its state-of-the-art in

railway traction systems.
1.2.1 SSTs concepts and classification

As mentioned before, one possible solution to replace the LFT in power systems is
to apply MFT together with power electronics structures. The general goal of the SST is to
adapt the high-voltage level, in the targeted power application, for medium- or low-voltage
levels, increasing dramatically its compatibility. Figure 1.2 presents a generic configuration of
the SST concept.

It is possible to note from Figure 1.2 that the voltage level in the power source is
used by the first power converter in order to modulate a voltage with medium frequency

spectrum in the terminals of the MFT. Next, such modulated voltage is stepped-down by the
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MFT’s turns ratio, and then it is used by the second power converter to be adapted for a more

feasible one, depending on the targeted application.

Figure 1.2 — Generic SST configuration
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The SST features can be summarized as follow.

e The transformer operates at a medium frequency, from hundreds Hertz to

kilohertz;

e [t is necessary application of power electronics converters, to provide medium

frequency operation;

e High-voltage power devices are used in the input terminals due the grid

(catenary) characteristics.

e The voltage in the MFT nominally is not sinusoidal, due the power switching

structures.

The SST application creates a large number of possibilities to be explored, since a
large number of power converters can be adapted or even conceived for this matter. Then, some
SST classifications are demanded to sort the solutions which already exist and those which will
be considered in future.

In (11), it is presented a classification in terms of power conversion stages in the
SST topologies, focusing on power distribution systems. In the studies elaborated by (12) and
(13), it is presented a similar classification together with other one in terms of the MFT
windings configuration. Kolar and Ortiz (14) show three different forms to categorize SSTs.
The first one sees the SSTs in terms of how the structure provides the power flow, while the
second one is concerned in the configuration used by the SST to link three-phase systems, which
is similar with the one presented by (11). At last, the third classification is focused on how the
SST is supposed to connect the high-voltage grid terminals, being comparable with the one
presented in (12).

In this thesis, the SST solutions will be presented considering the power conversion

stages category and assuming that they must provide a dc link voltage to the machine drive
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systems. Therefore, it is possible to briefly classify the main characteristics of the SST

topologies in two different categories, as presented in Figure 1.3.

Figure 1.3 — SSTs power stage categorization
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The definitions of the conversion stages considered in this thesis is presented as
follow.

o single-stage approaches (ac-dc): This solution usually uses bidirectional
switches to create a high-voltage connection capability at its input terminals
with an isolated medium frequency link without a dc link in the primary side of
the MFT. It provides a dc voltage to the locomotive’s drive machine systems in
the secondary side of the MFT.

To aggregate such high-voltage connection capability without the presence of a
medium-voltage dc link, some works propose cycloconverters combined with a voltage-source
active rectifier (15) or with bidirectional converters structures (16). A general cycloconverter
consisting of individual modules is proposed in (17) to decrease the power levels associated to
MFTs. However, there is appreciable reactive content through the transformer due to the low-
frequency envelop of the voltage waveform across the primary side of the transformer.

o two-stages approaches (ac-dc/dc-dc): Such topologies also allow high-voltage

input connection, but the additional conversion stage brings more flexibility to

the whole structure. The isolated medium-frequency is commonly placed at the
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dc-dc stage, since the isolated dc-dc stage is a well-known power electronic
structures.

The work presented in (18) uses a cascaded high-voltage rectifier whose input
voltage is rated at 7.2 kV, as well as a dual active bridge converter responsible for isolation and
voltage step down from 3.8 kV to 400 V. Thus, the ac-dc converter is able to perform power
factor correction, while the dc-dc stage is decoupled from the dc link (in the control aspect) and
the design of the DAB converter can be optimized for a wide soft switching range. A similar
topology is used in (19), but a different arrangement is proposed for the MFT, allowing
multiport connections and consequently, flexibility for both EMU trains and locomotives
machine drivers. The multiport connection in (20) is also used, but for power management
purposes, since ports with different characteristics i.e. distributions systems, low-voltage dc
storage plants, medium-voltage ac machine driver, among others are connected to provide a
versatile and flexible power system.

Besides these categories, it is possible to find SST solutions which integrate two
conversion stages. They use dc links to modulate the voltage across the primary side of the
MFT without using an isolated dc-dc stage. In other words, the same semiconductor structure
provides the dc link and the ac voltage across the MFT, instead of employing an H-bridge used
as an ac-dc stage and another dc-ac one. Although such topologies could be considered as a
middle term between the aforementioned categories, this work is supposed to treat them as a
single-stage approach. An example for this kind of structure is the modular multilevel converter
called M?LC presented in (21), which uses cascaded full bridge converters in an H-bridge
arrangement i.e. a set of cascaded converters form the upper and the lower arms of the
structures’ legs. Hence, medium-frequency isolation can be achieved without using an

additional dc-dc isolated stage and high efficiency is achieved with high power density.
1.2.2 Requirements and aspects of a railway traction system

The evolution of railway traction systems is instigated by market requirements,
which can be summarized by seven topics: 1) smart cargo capability use, 2) low floor accessing,
3) reliability, 4) operating life time, 5) minimized preventive maintenance, 6) motor technology
improvement and 7) cost reduction on active components (22). In other words, the traction
system should be attractive as much as individual transportation (cars, motorcycles, bicycles
and etc.) over short distances and aircraft over long distances. To accomplish that, the on board

power consumption of the trains shall increase, since air conditioning, automatic access, lights,
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personal electronics devices and electronics charging stations, are becoming common in this
applications (23).

Although traction systems are supposed to increase the passenger comfort, the real
improvement should come from technology breakthrough in the components, more specifically
in active power components (24) in the main electric power system. Then, to address the
aforementioned requirements, the railway traction system should have the following aspects.

High efficiency: increment of the auxiliary power (on board consumption)
with a slight addition of the total demanded power.

High power density: low weight in an elevated power level structure.

Reliability and reduced maintenance: constant improvement of the mean
time before failure (MTBF) index.

High-voltage singe-phase capabilities: since the typically single-phase
railway AC lines are 15 kV at 16% Hz and 25 kV at 50 Hz (5), the SST solution should
deal with these magnitudes.

1.2.3 Comparison between SST-based and classical LFT-based solutions

With the information presented so far about LFT-based and SST-based railway
traction systems, it is possible to provide a comparison analysis between both approaches.

Besides the volume, weight and material cost reductions of the transformer in SST-
based applications due the medium frequency operation, it is possible to highlight some other
advantages, like the possibility to improve the transformer’s efficiency, reducing its winding
and core losses, which is very hard to be accomplished in the LFTs due the innate high voltage
and low frequency operational levels.

Other characteristic of the MFTs is the possibility to provide functionalities that are
impossible to obtain with classical LFTs, without the inclusion of external devices. The
conversion of the power-stage by power converters allows the improvement of power quality,
through the power factor control, harmonics mitigations and satisfactory response under
transients. Moreover, if current and voltage are controlled separately, it is possible to provide
power flow control and voltage disturbance compensation (sags/flickers/swell), as additional
functionalities.

On the other hand, LFT-based applications uses medium- or low-voltage power
devices, as the LFT steps down the catenary voltage. Similar behavior does not occur in the
SST applications since active front-end converters interface the catenary and the MFT,

requiring expensive and high-voltages power devices. Moreover, the MFT designs usually use
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advanced cores materials in order to achieve high efficiency levels in medium frequencies
applications, increasing the cost even further. However, the cost can be compensated by the
additional functionalities and improvement of either the power quality and system efficiency.
Reliability of SST-based applications should also be considered, since it tends to
decrease if directly compared with LFT-based ones. In fact, the larger number of power
semiconductor devices required to deal with high-voltages levels together with the complexity
of the power converter structures explain such behavior. Although the SST reliability can be
improved by applying redundant designs, they also increase the cost, resulting in complex
design criteria. Thus, the SST-based systems are more complicated and difficult to be
conceived, mostly due the number of control variables and the degree of freedom used to obtain
the proper structure controllability being well greater if compared with LFT-based systems.
Table 1.1 shows the summarization of the aspects compared in SST-based

application over the ones in LFT-based systems, by categorizing them as pros and cons.

Table 1.1 — Comparison between SST-based and LFT-based applications

PROS CONS
Greatly reduced tragsformer volume and High input voltage for front end converter
weight
Higher transformer and system efficiency Higher system cost
Better power quality Reduced reliability
Additional functionalities Difficult to design and manufacture

SOURCE: Adapted from (25).
1.2.4 State-of-the-art of SST-based railway traction solutions

There are several works which present review studies and discussion in general
aspects around SST, potential applications, topologies, power devices requirements, among
others. Examples of such studies can be found in (13), (26), (27), (28) and (29). However, since
each application of SST brings different particularities to the project, it is better to concentrate
the attention in review studies focusing on railway traction systems, like the ones presented by
(30) and (31). The study in (30) presents soft switching techniques applied in SST to improve
the systems efficiency, while (31) presents the evolution of the individual parts of the railway
traction systems, such as: power devices, transformers, drive motor systems. In (23), a deep
discussion is elaborated about the MFT and six selected SST types are analyzed in the study
presented by (5).
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The analysis presented in (25) focus their reviews in the SST-solutions presented
by both academic and industry communities. They start in the earliest concepts till the newest
ones presented at the time, elaborating a series of statistic results with all the collected
information.

For instance, Figure 1.4 gives the idea of how the interest in this field is mainly
concentrated. It is possible to note that SST topologies for 15 kV input voltage level with
cascaded structures to obtain the active front-end converter and separated MFTs processing a

portion of the whole power are preferred.

Figure 1.4 — Publication statistic of SST-based railway traction application
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By analyzing proposed solutions in the scientific community, it is possible to find
studies lying in transformerless topologies, which are independent on transformer and based on
a medium-voltage rectifier stage (32). This possibility always is limited by the semiconductor
blocking-voltage capability. However, Modular Multilevel Converters (MMC) (33) has
recently raised the interest in such solution due its high blocking voltage, modularity, and very
high power quality. Two structures based on MMCs for transformerless traction applications
are presented in (34) using either dc links or single-stage approaches. The work in (35) employs
energy storage systems integrated to a MMC to recovery the kinetic energy during the braking
operation using the bidirectional converter characteristic. The bidirectionality has become
handy in traction applications in order to increase the efficiency of the whole vehicle electrical
system.

Galvanic isolation is welcome in traction application, since increases the systems
reliability. In fact, it is a strong tendency, as the majority of the newest studies are based on it.
Differing of transformeless approaches, these solutions must provide power converter

structures with isolated medium frequency. The study presented in (36), where an interphase
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transformer is used to achieve a three-phase interleaved MMC structure, is an example of these
power converters. Following the same idea, the study in (37) applies the same interleaving
technique to a single-phase, single-leg MMC structure, obtaining a low output voltage. The
study in (9), also, applies the same interleaving technique, but in a cascaded modular multilevel
converter.

In (38), the author focused in a resonant power converter structure in active front-
end half-bridge rectifier in the primary side of the MFT, while the secondary side has a naturally
commutated rectifier. The converter topology is conceived for dual 3.3 kV and 600 V dc fed
tram-train transportation systems with a 120 kW 64 Kg nanocrystalline cored toroidal
transformer, 95% of efficiency operational rating, 1.84 to 2.7 kHz.

The study presented in (39) presents input-series-output-parallel (ISOP) power
converter with separated flyback transformers. The front end converter charges its respective
flyback inductor, while the secondary is not active. Next, the secondary actives in a proper
sequence to allow the stored energy dumped into the output capacitor, at the secondary side.
There is some aspect that should be carefully handled in this approach. For example, the current
in the flyback should always be in the same direction, to guarantee that, the authors use switches
with unidirectional current behavior (IGBT in series with diode). Besides, the flyback
transformer design should be identical, otherwise unequal voltage sharing will occur among the
converter modules.

The study presented by (40) is related to classical multilevel power converter in
modular structures. Each module is built with diode-clamped three-level structure for the ac-dc
and isolated dc-dc stages. (41), also, presents a traction solution with diode-clamped three-level
structure, but in a four quadrant structure, improving the flexibility of the system.

Other classical multilevel structure used in railway traction application is the
cascaded H-bridge (CHB) converter. An isolated front end ac-dc SST in presented by (42), the
proposed converter is built with SiC-based devices, resulting in maximum efficiency of 97.5%
at 1.5 kW. The study presented in (43) shows a 7-level hybrid CHB with asymmetrical
configuration obtaining high power quality with reduced number of modules.

It is possible to note that cascaded-based structures designs reach higher voltage
and power levels than others solutions, assuming a same power switches capabilities, besides
their more mature stage in traction application (44). Such fact, explain the preference pointed

out by Figure 1.4.
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1.3 Objectives and expected contributions

The interest of applying the solid state transformer in traction systems was
introduced in the last sections. It is possible to note that this new technology can be treated as
a game change in this field, since there are plenty of possibilities to provide solutions
customized with the final goal of the application. Once the primary goal (reduce the use of raw
material like copper) is guaranteed, the engineer can focus in others requirements of the
application. For instance, high-voltage terminals capability is welcome in traction systems.

In fact, the designer can conceive his solution paying attention in a large number of
characteristics, such as: MFT structure (one transformer or several ones), the number of power
conversion stages used in the SST, the power converter topology applied in each stage, the
requested semiconductor characteristics, among others.

The principal purpose of this thesis is to present, design and implement a SST
topology feasible for traction systems, employing a new power converter topology with
interleaved, modular, bidirectional and multilevel characteristics. The theoretical analysis of
the proposed topology is carried out, as well as a simulation model, in order to obtain a better
understanding of the topology’s aspects, requirements and behaviors on operation. The applied
control techniques and the modulation adopted will also be investigated. To set up the
prototype, a down-scale model was built and the design of its parts will be addressed
(capacitors, magnetics, semiconductors, printed circuit boards, etc.).

In the targeted application, some particularity is required. Hence, the proposed
topology is expected to provide the possibility to deal with high-voltage and high-power levels,
medium-frequency insulation and good efficiency. Although, such requirements turn the idea a
big challenge, the proposed SST is expected to address them using the same power converter
module. Then, it is possible, just calculating the number of modules requested by the
application, to conceive the entire SST structure. The insulation and magnetics weight/volume
reduction are delivered by the use of MFTs in each power module, as well as, the efficiency is

improved by an interleaving technique, reducing the current effort in the semiconductors.
1.4 Thesis outline

The contents of this thesis are organized as follows:
o In the first chapter, the background of solid state transformer for railway traction
applications is presented: requirements, aspects, basics concepts,

classifications, as well as a comparison with low frequency transformer. It is,
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also, presented an overview of the state-of-the-art of the application, besides the
thesis motivation, objectives, contextualization and expected results.

Chapter 2 gives the qualitative and quantitative analysis of the proposed
converter. In the qualitative analysis are presented the converter structure with
its possible arrangements, the modulations techniques and the control strategies
applied, as well as, its theoretical functionalities. In the quantitative study is
presented the modeling of the converter, addressing the magnetics values as
well as a comparative losses analysis in a real scenario parameters for railway
traction systems.

Chapter 3 shows the design methodology and procedures of the controller
applied in the control loop of the proposed converter.

Chapter 4 presents the simulation and experimental of the proposed converter,
considering a single- and multi-module arrangement. It is presented behavior of
the control loop for both steady-state and dynamics test.

Chapter 5 provides the conclusion of the thesis. The possible future analyzes of
the doctoral study are presented, followed by the scientific production achieved

during the PhD period.
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2 PROPOSED TOPOLOGY

Once the SST role in the railway traction systems was demonstrated in the last
chapter, it is possible to present properly the proposed converter. In this chapter, the qualitative

and quantitative analysis of the proposed converter is presented as follows.
2.1 Qualitative analysis

The following sections are concerned about the conception, operation and technique

applied in the proposed converter structure, for both modulation and control proposes.

2.1.1 Conception

The proposed power structure is a single-stage ac-dc modular cascaded multilevel
(MCM) bidirectional converter. As presented in the last sections, cascaded structures fit quite
well for high-voltage requirement. Therefore, a modular characteristic brings more versatility
for the whole structure. In fact, it is possible to scale-up or -down the converter withstands
voltage level by a convenient arrangement of its identically power module structures. Then, the

generalized structure for a generic number of modules 7 is presented in Figure 2.1.

Figure 2.1 — Generalized structure of the proposed topology
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The proposed converter uses the concepts of cascaded multilevel structures in an
input-series-output-parallel (ISOP) configuration. The ISOP arrangement allows the converter
to deal with high-voltages levels in the input terminals, as well as, decrease the harmonic

content of the multilevel voltage minimizing the input filter, L;,.
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Moreover, the medium frequency isolation is accomplished by the MFT placed in
each power module of the structure, where its primary and secondary voltages are phase-shifted
by @;. Therefore, the single-stage ac-dc is responsible for modulating a multilevel voltage to
the input filter, while it provides a three-voltage level to the MFT in each module, as well.

The inner circuit of the power modules is presented in Figure 2.2. The proposed

topology can be built separately with two different modules structures: Type A or Type B.

Figure 2.2 — The inner configuration of the module: (a) power module type A, (b) power

module type B
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Both power modules share, basically, the same configuration. They use two
submodules arrangements, one in the primary side of the MFT (SM,i ix) and other (SMec i)
in the secondary side. The generic submodule SMsec i) is the same for both module and its
terminals Cix and Djg are connected in parallel. The MFT interfaces the submodules
connecting the h-bridge structures conceived by the switches (Si1, Si2, Si3, Sia) and (Sis, Sis, Si7,
Sig) for type A and (Sk1, Sk2, Sk3, Ska) and (Sk7, Sks, Sko, Sk10) for type B. The modulation strategies

requirements for this semiconductors will be addressed in section 2.1.3.
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The submodule (SM,.i ix) applies interleaved coupled windings (i.e. an
autotransformer configuration) to share the input current equally in both windings (7;xa and
TiwB), providing good distribution of losses among the semiconductors and minimization of the
harmonic content for current waveforms. Interleaving using an autotransformer was introduced
in (45), whose benefits have been deeply analyzed in (46), where a reduction in the total
magnetics volume has been proved.

The main difference between the modules remains in the SM, i), where in type A
(Figure 2.2a), its respective configuration can be seen as the combination of interleaved coupled
windings (45) and the dual active bridge (DAB) topology (47) added to a dc link with a central
point (capacitors C+; and C.;), while in type B, the dc link with central point is replaced by a
low-frequency switched arm, (Sks, Sks) and a regular dc link, as can be seen in Figure 2.2b.

The minimum number of modules requested for the proposed converter using

submoludes type A, nmin(4), is described by:

2XV€Q
Phinct 2{—1/ — } @.1)

dc_min_A
where Ve min 4 1s the minimum value of the average voltage sum across capacitors C+; and C.;
and Vpea 1s the peak value of the ac input voltage.

And, using submoludes type B, nmuin), is described by:

Vea
nincB) Z{V i _} (2.2)

de_min_B
where Vie min 8 1s the minimum average voltage across capacitors C; x and Vyear 1s still the
maximum input voltage.

Thus, the number of modules requested by the applications parameters are obtained
by (2.1) and (2.2), making the specifications of the proposed converter done easily compared

with other structure applied in the same conditions.
2.1.2 Operation

The operating principle of the basic modules is presented in this subsection in order
to exemplify the whole converter behavior. Therefore, the equivalent circuits can be divided
into eight intervals for one switching cycle for each module type. Figure 2.2a presents the main
theoretical waveforms used to exemplify the operation in the type A, while the ones regarding

the type B are presented in Figure 2.4a.
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The graph representations of some key intervals are presented in Figure 2.3b for
type A and Figure 2.4b for type B. Others intervals graph representation can be seen in (48),

only considering the primary side switching cases in type A and B, respectively.
2.1.2.1 Type A

It is worth to mention that capacitor C, ; is considered as charged in the previous
switching cycle with the same voltage level of the dc link at the primary side of the MFT and
Lin is much greater than Ljeq ;. Besides, the pairs of switches (Si1, Si2), (Si3, Sia), (Sis, Sis) and
(817, Sis) operate complementarily. Vegsit), Vesiz), Versis), and Vsiz) are not defined in the Figure
2.2a, so they are defined here as the gating signals applied to switches Si, S, Sis and Si,
respectively; Vi i is the input voltage; Vi ; is the primary voltage across the MFT; Viec i is
the secondary voltage in the MFT; fiea i is the current through the leakage inductance, Lica i;
®; is the phase-shift angle between V)i ; and Viec ;. All parameters are valid for a generic module
i.

Figure 2.3 — Type A operational aspects: (a) main theoretical waveforms during a switching
period, (b) Operation stages
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The variables behaviors during the intervals represented by Figure 2.3b are
described as follow:

Operation 1 [¢,, #2]: Initially, S;; and S;s are turned on, causing Vi i to equal Ve,
i.e. +Va/2 V; Vyi =0, since the interleaved coupled windings are short-circuited. In the
secondary side, Sis and Si7 are on, but with no current circulation and, Vse. /=0, since the winding
Tp is, also, short-circuited. The leakage inductance voltage and current are null.

Operation 2 [1,, #3]: It begins when switch Sy is turned on and S;3 is turned off,
implying Vi =0, since the voltages across Ti4 and Tig windings have opposite polarity; Vpyi i
equals +V4., because it is directly connecting to capacitor C+; and capacitor C.;; In the secondary
side, the conditions are the same as those for operation 1 since the secondary switching states
are maintained. Current /iqk ; starts increasing since its respective voltage is +Vc.

Operation 3 [#3, #4]: Since the primary switching condition is the same as those for
operation 2, the behavior of Viuir i, Vpri i, remains the same. When ;s is turned on and Sy is
turned off, Viec i =+Vco i1.€. Vsee i = +Vae, while lieak i remains constant at its peak value.

Operation 4 [#4, ¢5]: During this case, switches S;1 and Si3 are turned on, resulting
in a similar operation analysis like 1, i.e. Vi i=+Vac/2, and Vpri /=0. In the secondary side,
switches S;s and S;s are on, as Ve /= +Vae and current [jeqr ; decreases.

Due to the inherent symmetry of the circuit, only the operation regarding the
positive half-cycle of the input current is described, although the behavior of Vi i is
analogous, assuming negative values when switches S;; and S;3 are off simultaneously. Besides,

the interval [#5, Ti+tpt+t] has, also, symmetric behavior of the interval [#,, #5].
2.1.2.2 TypeB

Assuming the same characteristics of the type A, it is possible to define the
parameters for the analysis of type B. Similarly, Vesk1), Vesiz), Vesks), Veeskz) and Vegsio) are the
gating signals applied to switches Sk1, Si3, Sks, Sk7 and Sko and @y is the phase-shift angle between
Vori kand Ve i, respectively.

The switch pairs (Skz, Sk2), (Sk3, Sk4), (Sk7, Sks) and (Ske, Sk10) have high-frequency
operation, while the switch pair (Sks, Sks) has low-frequency one, as mentioned in section 2.1.
All the switch pairs are supposed to operate complementarily.

Figure 2.4a presents two different regions of operation, region I [#), Ts+#9] and
region 11, [#s, Ts+ts], while the graph representations of some key intervals are shown in Figure
2.4b. Hence, the variables behaviors during the intervals are described as follow, for region I

firstly:
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Operation 1 [, t2]: This stage begins when Sis, Sk3 and Sis are turned off, causing
Vmar =0 V, since the voltages across Tis and Tiz windings have opposite polarity; Vpri =0,
because the interleaved coupled windings are short-circuited. In the secondary side, Sx7 and Sko
are on, but with no current circulation and, Ve x=0, since the winding Tip is, also, short-

circuited. The leakage inductance voltage and current are null.

Figure 2.4 — Type B operational aspects: (a) main theoretical waveforms during a switching
period, (b) Operation stages
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Operation 2 [#2, #;]: In such stage, the switch Si is turned on, while Sx3 and Sis are
turned off, implying Vi « to equal +V4/2 V, since the voltage across capacitor C;  is shared
by Vi « and the interleaved coupled winding; V. /=+Vuc, because it is directly connecting to
capacitor C; x; In the secondary side, the conditions are the same as those for operation 1 since
the secondary switching states are maintained. Current [.. ¢ starts increasing since its
respective voltage is +Vye.

Operation 3 (13, t4]: The primary switching condition is the same as those for
operation 2, then the behavior of Vi &, Vpri &, remains the same. On the other hand, S7 is turned
on and Sy is turned off, at the secondary side, implying Viec ¥ = +Vco #, 1.€. Viec k = +Vo. The

leakage inductance voltage is null and the current remains constant at its peak value.
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Operation 4 [74, t5]: Finally, when switches Sk, Si3 and Sis are turned off, once
again, resulting in a similar analysis as operation stage 1 i.e. Vuur =0, and V. 1=0. The
switching conditions for the secondary side remain the same as the previous stage. Then, Viec =
+V4e and the current in Li.q « decreases, as the leakage inductance voltage is - V.

For the same reasons pointed out in the last subsection, it is possible to omit the
behavior of the converter considering the negative half-cycle of the input current and the
symmetric intervals [ts5, Ts+9]U[#o, t:] and [, #s5].

The behavior of region II can be understood from the stages described above and
from Figure 2.4a, more particularly, the interval [#s, Ts+2s]. It is possible to note that the voltages
and currents of the MFT remains the same regardless the operating region, however the
multilevel voltage V. « presents different value according with the respective region.

In fact, when Vi « is null in region I, the leakage current is always null at end of
its interval. To obtain the same behavior in region I, it is possible to use a redundant operational
stage which results in V. « equals to +Vg., considering the positive input current half-cycle.
Moreover, when value different from zero are necessary for V. 1, it is possible to use others
redundant operational stages which results in V. « equals to +Va/2 or -Va/2.

Then, the behavior of the variables in the MFT are preserved as those in region I,
while a Vi « has an addition of |Va/2| in magnitude. The implication of such behavior in the

Ve & will be addressed in the next subsection.
2.1.3 Modulation technique

It was possible to note in last subsection, that the type A module presented operation
stages which provide three-level voltage in the Vi i, while type B can be operated modulating
until five-levels (Region [ + Region II). The voltages across the MFT, for both modules types,
present three levels in a frequency higher than the fundamental component of Vi i, as they
should operate in medium frequency.

Then, the modulator, regardless its kind, is supposed to provide the multilevel
voltage characteristics for the input terminals at the modules and their MFTs, as well. Besides,
it allows the correct switching stages for configurations which use more than one power

module, resulting Vi, as presented in Figure 2.1.
2.1.3.1 Carrier-Based Modulation

In order to obtain medium frequency operation in the MFT of each module, the

adopted modulation technique must use the same switching frequency for each semiconductor
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element, but with the possibility of using different duty cycles. Hence, by employing a single
modulating signal, the carriers must provide such characteristics, which could be accomplished
by using carriers grouped in a proper form.

The technique named Level-Shifted Multicarrier Modulation (LSMM) (49)
provides the desirable different duty cycles although it imposes different switching frequencies
to the semiconductors. On the other hand, the use of Phase-Shifted Multicarrier Modulation
(PSMM) results in the required characteristics (50), as it should be adopted to compose the
modulator block of the proposed topology.

Figure 2.5 — Carrier-based adopted modulation for type A module: (a) carriers dispositions for
twelve-module converter configuration, (b) voltage waveforms in V), ; and Ve ; with the
phase shift of @, (c) voltage levels in V. using the modulation technique and 7inc=12
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Figure 2.5 presents the adopted arrangements using PSMM, considering 12 type A
modules. It can be seen in Figure 2.5a that the respective leg carriers (Versiz, Versiz) and (Versis,
Versiz) are 180° phase-shifted in each module, while the primary and the secondary sides (Vesiz,
Versis) and (Versis, Versiz) are phase-shifted by @;. Such angular difference can be seen in Figure
2.5b where the voltages through the primary (V)i ;) and secondary (Viec ;) sides of the MFT in
one module of the converter structure are presented.

Besides, a phase shift corresponding to @.- must be provided between the adjacent
carriers (Versij, Versi+1)7), in order to generate different voltage levels in the multilevel voltage,
Vmar. For instance, Figure 2.5¢ presents the twenty-five-level voltage waveform for 12 power
modules structure.

The phase-shift between any two adjacent modules is described by:
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The relationship between the number of modules and the voltage levels in Vi,

considering the module type A, is given by:
M vets( 4y = 2nmin(A) +1 (2.4)

Similar technique can be applied in the converter using modules type B, however it
is necessary to provide the command signal for the switches operating at low-frequency. The
work presented by (51) demonstrates that the low-frequency command causes a singularity in

the duty cycle function of the modulation signal of type B module, described by:
d(t) =V, s —Msin(@, t+9), 2.5)

where, Vysis) is the state of the switch Sks, M is the modulation index, wg is grid angular

frequency and ¢is the phase delay.

The singularity is graphically presented in Figure 2.6a, where is possible to note
that it will cause perturbations on the controlled variables, since the classical controllers with

fixed gain would not be able to track the d(z) signal.

Figure 2.6 — Carrier-based adopted modulation for type B module: (a) singular modulating
waveform produced by (2.5), (b) modulating waveform produced by new modulation
arrangement, (c) proposed comparison and combinational stages of the new modulation

arrangement
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SOURCE: Adapted from (51).
The solution for this situation is also presented in (51). It is possible to conceive,
without changing the control strategy, a new modulation arrangement which is supposed to
generate the same switching states of the converter, but without the singularity in the d(t)

function.
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The disposition of the carriers and the new continuous modulation signal, deon(?),
is presented in Figure 2.6b. It is necessary to generates two different logic stages for the new
modulator: comparison stage and combinational logic stage. Figure 2.6c presents the schematic
of the new modulator, where the waveforms presented in Figure 2.6b are compared using
LSMM technique and the combinational logic stage uses the result of the comparison stage to
generate the gate signals of the switches in the SM,; «through a combinational circuits.

The secondary side switches, (Sk7, Sks) and (Sko, Ski0), are commanded equally as in
the modulator for type A modules, by phase-shifting them by @x.

Since the Vi  can be modulated in five different levels, the relationship between

the number of modules and the voltage levels in Vi, is given by:

My eveis() = 4nmin(B) +1 (2.6)

2.1.3.2 Space Vector Modulation

As mentioned in the last chapter, SST solutions for railway traction applications
normally result in topologies with a large number of semiconductor and passive elements,
implying in many variables to control. Moreover, the degree of freedom of these structures are
limited in relation of the amount of variables to be regulated.

Therefore, the use of modulation techniques that allow controlling some parameters
or even a power quality index, i.e the multilevel voltage THD, becomes necessary. The well-
known space vector modulation (SVM), which was introduced in the 1980s (52), creates the
desired flexibility. Thus, this section is dedicated to present the space vector modulation created
for the proposed converter for both modules types, in order to increase their degrees of freedom.

The proposed SVM technique can be implemented following some procedures.
Firstly, it is necessary to specify the possible states for the semiconductors in the single-module
topology and their implication in some topology variables. In this stage, only the primary side
switches are considered, since it is assumed that the secondary-side gating signals are delayed
by a phase angle from the primary-side ones.

The next step consists in the determination of the total switching state vector space
(SSVYS) of the proposed converter using a pre-established number of modules. After that, it is
possible to present some assumptions based on specific feature such as reduction of the
multilevel voltage THD or improvement of MFT waveform, for instance. These assumptions
allow the minimization of the SSVS, as proper sequence and an algorithm can be created from

the new subspace.
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The aforementioned sequence will be presented considering the proposed converter
with modules type B, as the ones with type A were addressed in (53) and (54), considering the
same methodology.

The proposed SVM has as main goal to impose a three-level voltage across the
MFT terminals and a five-level voltage across the input terminals of each module. Besides that,
the converters should operate with a phase shift between any two adjacent modules, @04 (it is
given by (2.3), Dmoa = Der), providing medium frequency in all MFTs and maximizing the
number of levels of the resulting multilevel voltage across the input terminals of the whole
structure, V.

The relationship among the voltages levels and the switching vectors, /7, for the

converter topology considering a single-module structure is shown in Table 2.1.

Table 2.1- Switching states for a single-module structure

Sk1 Sk3 Sks Vinuit k Vpri k | 24
On On On 0 0 v’
On On Off +Vae 0 Ve
On Off On -Vae/2 +Vie »
On Off Off +Vae/2 +Vie V
Off On On -Vac/2 -Vac 3
Off On Off +Vac/2 ~Vae V2
Off Off On -Vac 0 V!
Off Off Off 0 0 144

SOURCE: Author’s right.

Since the pairs of switches (Sks, Sk2), (Sk3, Sks) and (Sks, Sks) operate complementarily,
there are eight different arrangements for the primary-side bridge converter and, which impact
on the input voltage and MFT voltage.

In order to obtain the total SSVS of the proposed structure for a generic number of
modules, nuinp), it is considered that each module can contribute with eight different switching
vectors. Consequently, for a given number of modules #, it is possible to obtain 267 different
switching vectors, with #>0.

In order to illustrate such relationship, an example where n=1 is presented in Figure

2.7a, where the resulting switching vectors are placed with their respective operational sectors.
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Since the number of voltage levels obtained with single-module configuration is five (from

(2.6)), it is expected four operational sectors, being defined as: -I1, -1, I, and II.

Figure 2.7 — Figure of merit of the proposed SVM: (a) space diagram of the multilevel voltage
across the converter; (b) space diagram of the multilevel voltage versus the MFT primary

voltage
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SOURCE: Author’s right.

The operational sector is a region where switching vectors are used to obtain the
proper level for Vyu:. Therefore, the redundant switching vectors are placed at the border of
each sector, favoring the determination of the switching vector sequence in each operational
sector. Thus, the operational sector is responsible for the low-frequency component presented
in the multilevel voltage, therefore using the switching vectors in medium frequency.

The MFT voltage is supposed to be provided by the space vector modulator as well,
then Figure 2.7b presents the relationship among the switching vectors and both MFT primary
and input multilevel voltages. It is worth to mention that such diagram represents the possible
behavior of such voltages during a switching period.

The next step is to present assumptions to rule the choice of the switching vectors
in a desired sequence. In fact, they decrease the number of available vectors in the switching
state vector space, by eliminating the redundant vectors, and guiding the sequence selection in
a new switching vector subspace. The following assumptions are made to obtain the sequence
for the proposed SVM algorithm:

e Once the required sector is specified, the sequence must occur with the

vectors of the required sector and the previous one;
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e The transition of a switching state to the next one must occur at a single leg
of submodules, avoiding unnecessary switching in the semiconductors;

e Any sequence is not allowed to occur with redundant vectors, which results
in opposite behavior for the V.

For instance, if the required sector is +1I, the sequence must be determined by the
vectors in the +II and the +I sectors from Figure 2.7. Then, it is verified if the selected vectors
(79, V* and 7?) can built a sequence that only use one converter’s leg commutation by transition.
Next, it is verified if the sequence provides the desired behavior for the Vi and Vi considering
the switching period, i.e. two voltage levels for Vyuu: (+Vae and +0.5V4) as Figure 2.7a and three
voltage levels for Vi (+Vac, 0, -Vac) as Figure 2.7b. Finally, it cannot use the redundant vectors
J3 and 17 since they result in opposite value for V.

After applying the aforementioned assumptions in the space vectors diagram, it is

possible to extract the switching sequence presented in Figure 2.8.

Figure 2.8 — Proposed switching sequence for the single-module topology with type B module

Sector I Sector 11
Sll S13 SlS Sll SIS SIS
vi1l 0 0 vi1 0 o
Vel 5 0 0 0 vel 51 1 0
V2 50 1 0 \'%& 50 1 0
Vv 50 0 0 V¢ L1 1 0
Sector -1 Sector -11
Sll SIS SIS Sll Sls SIS
vill 0 1 viil o0 1
Vb1 11 vil>5 0 0 1 \
A& S50 1 1 A% 50 1 1
Vv’ 111 V! 50 0 1

SOURCE: Author’s right.

This sequence respects the initial assumptions and provides the expected behavior
for the voltages in the input terminals of the module and the MFT.

Once the switching vector sequence is created for the single-module structure, it is
possible to extrapolate the sequence for multi-modules structures by phase shifting the sequence
in any two adjacent modules by @, from (2.3). This delay can be accomplished in a practical
way by some forms, such as: changing the switching vectors position in the look up table for
each module, creating phase-shifted modulating signals for each module, alternating the look
up table index respectively with the operational sector for the Vs, among others. This study

uses the last option.
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There is other methodology that considers the total number of modules to obtain
the SSVS and then applying the initial assumption to obtain the proper sequence.

Figure 2.9 presents the SSVS considering the two-module configuration of the
proposed converter, using modules type B, which results in 64 switching vector divided in 8

operational sectors and the possibility to provide a nine-level voltage for V.

Figure 2.9 — SSVS considering the two-module configuration of the proposed converter, using
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Finally, with the sequence properly obtained, it is possible to conceive the space
vector algorithm. In Figure 2.10a is presented a flow chart with the logic steps elaborated for

the proposed space vector modulation algorithm.

Figure 2.10 — Figure of merit of the proposed SVM: (a) low chart for the proposed space vector
modulation algorithm; (b) determination of the dwell time in the proposed algorithm
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As can be seen, there are five logic steps to follow.

A. Requested voltage calculation: this information is obtained from the control
unit and space vector modulator is the actuator.

B. Sector selection: the control signal is compared with the number of modules,
resulting in the proper voltage level interval.

C. Dwell Time Determination: Figure 2.10b illustrates the assumed dwell times in
the switching period. The values of #gn and #,, are obtained using (2.7) and
(2.8), respectively, where T is switching period, nmin) is the number of
modules, Sector is the selected sector from step B and D(wpzz-t) is the output

control signal.

g =L[l—|sector| +2-D(@yy, 1) ] (2.7)
2. min( B)
T
t, = mDSectod ~2-D(@py; 1) ] 2.8)

D. Switching Vector Selection: the information of the selected sector is used to
index the (sector, sector+1) Lookup Up Table (LUT) which contains the
subspace highlighted in Figure 2.8.

E. Trigger Signals Configurations: this stage applies all the information obtained
in the previous steps. The algorithm uses them in a function that translates the
information from the LUT to digital outputs, which are connected with switch’s
driver circuits.

As could be seen, the proposed algorithm considers the number of modules and the

value of @noq to elaborate the switching sequence for all the switches pairs in the converter.
The control signal from the control loops is used as input signal in the modulation algorithm.

Thus, the next section will explain how this signal is generated.
2.1.4 Control system

The control strategy applied to the proposed converter is presented is this section.
Since the proposed converter has at least two different ways to be built, it is shown the control
block diagram for both forms.

The following goals must be achieved by the control system for the accurate
operation of the proposed converter:

» The input current must be sinusoidal and in phase with the input voltage.
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» The sum of the average voltages across capacitors C+; and C.; must be constant

considering type A module, like the average voltage across capacitor C; x also

must be constant considering type B module.

» The average voltages across capacitors C+; and C.; must be the same.

* The output voltage must be regulated.

* The average magnetizing current through each MFT must be negligible.

Figure 2.11a shows the control strategies applied to the converter, considering type

A modules, in order to obtain the aforementioned requirements. Firstly, the dc link voltage

control loop regulates the average voltage across the dc links (Vc+i + V). Its output signal is

multiplied by a sinusoidal waveform and used as the reference for the input current control

loop, performing the power factor correction in the power bridges in the primary side of the

MFT.

Then, the individual dc link voltage regulation is made by a control loop

denominated dc link voltage balancing control, which aims to maintain the regulation of the

voltages across the dc link voltages in each module.

Figure 2.11 — Control block diagram applied to the proposed topology: (a) considering type A

modules; (b) considering type B modules
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In order to meet the third requirement, the middle-point voltage control loop is
designed to balance the voltages across capacitors C+; and C.; through the sum of an offset to
ac input current reference. This requirement is not necessary in the topology using modules
type B, consequently there is no middle-point voltage control loop for that topology.

The output voltage control loop uses the phase shift angle between the primary and
secondary sides of the MFT to regulate the power flow of the converter maintaining the output
voltage regulated in the reference value with a same phase angle in all modules. Therefore, the
responsibility of the dc link voltage balancing control is to allow each module to operate with
a slight different phase-shift angle, what allow the balance of the voltages among the dc link
capacitors at the primary side in the MFTs.

Thus, with different phase angles, the modules could process slightly different
values of power, regulating their dc link voltages individually. It is worth to mention that the
dc link voltage control only is responsible for the regulation of the average value of all dc links
in the whole converter, which combined with the balancing dc link voltage control guarantee
the same average value of the dc link voltages in the modules, despite the power flow conditions
imposed by the output control loop.

The synchronism circuit considered for the study is the phase locked loop (PLL),
more specifically the g-PLL presented in (55) and in Figure 2.12. With the tracking of the ac
voltage phase, it is possible to create variables with sinusoidal variation in the microcontroller
code, obtaining the shape for the ac current used in the reference signal of the input current
loop.

However, the structure presented in (55) is applied to three-phase systems, then it

is necessary to adapt it for single-phase systems, as presented in (56).

Figure 2.12 — g-PLL structure applied in the control methodology
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SOURCE: Adapted from (55).
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The adaptation consists in obtaining the ac voltage from a single-phase system and
from generating other voltage signal phase shifted by 90° degrees. Then, both voltages are
applied in the q-PLL circuit, since they can be treated as V, and Vs from Clarke transform (57).

Finally, the magnetizing current is controlled by an algorithm implemented in the
modulator block, a magnetizing current control loop is used to generate the requested time to
compensate the average value of the current. This interval is inserted in the converter operation
by the space vector modulation algorithm.

When is necessary to increase the instantaneous magnetizing current and
consequently its average value, the time from the magnetizing current control loop, fuag, 1S
added to the #ugn calculated by the SVM algorithm, creating larger time for the MFT to
magnetize. Same logic it is used when is necessary a smaller magnetizing time, by subtracting
tmag from t;en. These behaviors are presented in Figure 2.13 in three different switching periods

for tmag=0, thigh*tmag, and thigh-tmag, TESPECtively.

Figure 2.13 — Magnetizing current behavior with the magnetizing control loop
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The proper design of all control loops shall be seen in the next chapter, followed by

their respective simulation and experimental results for both steady and dynamic behaviors.
2.2 Quantitative analysis

This section will deal with the qualitative analysis of the proposed converter. The
input inductive filter as the equivalent inductance of the MFT in a fundamental model will be
presented in terms of the converter parameters. The losses analysis is presented as well,

followed by a comparative losses study with others topologies.
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The quantitative analysis considering the proposed converter with modules type A

is presented by (54).
2.2.1 Input Inductance determination

The input filter inductance can be obtained through the input current ripple. Figure

2.14 presents the model adopted to obtain the input inductance filter.

Figure 2.14 — Model adopted to the input inductance filter analysis
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SOURCE: Author’s right. -

The voltage across the inductance L;, can be described by (2.9).
V,=V,sen (a)gﬂd .t)— Vot = %,Lm (2.9)
t
The inductive input filter has its charging period when the V.. is in its lower level.
Then, replacing the lower level in Vi (Figure 2.10b) and At by ti,w from (2.8), the input current

ripple can be obtained as follow:

Ai, =%[Vp.sen(wgrid.t)— V;" (Sector—1)}.[%(Sector—2~M(a)PLL t))} (2.10)

The maximum point of ripple from (2.10) is investigated, seeking its relationship
with the input inductance, which is given by:
T C Vdc

S

=% dc 2.11
i 16. n- AiLinimax ( )

2.2.2 Complete model

In (58) the ac/dc DAB converter is analyzed in twelve distinct operation regions,
which are classified as: four with positive power flow, four with negative power flow and four
considering different duty cycles between the bridges of the converter.

This study uses similar methodology to address the operation region of the proposed
converter with type B modules. Since the proposed converter operates with fixed duty cycles
and the turn ratio of the MFT is unitary, it is possible to summarize its operation regions in four
conditions as presented in Figure 2.15. Each region is divided in seven instants, which are

presented in Table 2.2.
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Figure 2.15 — Operation regions of the proposed converter considering type B modules
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Table 2.2— Instants considered in each operating region
Instant Region 1 Region 2 Region 3 Region 4
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In Table 2.3, it is possible to see the MFT primary voltage, Vi &, for each region.

Table 2.3— MFT primary voltage by Region

Interval Region 1 Region2 Region3 Region4

[0 to] Vo Vo Vo Vo
Jto t1] Vs, Ve Ve 0
Jt1 o] Vo 0 0 0
Jt2 t5] 0 0 0 0
]t3, t4] - Vo -V -V -Ve
Jts ts] - Vo -Vo - Vo 0
Jts, ts] - Ve 0 0 0
Jts, t7] 0 0 0 0

SOURCE: Author’s right.
Then, similarly, it is possible to obtain the analytic expression of the current through

the series inductance, Laisp &, for each interval and the considered operating region.

Table 2.4— Currents expression for Region 1 and 2

Interval Region 1 Region 2
[0, to] (2V, 1=V, 1)) Ly, V Ly, o 4
V, (t ) ) 4 V@
Jto. ti] +—— T
Ld[spik Ldispik ’ 2'7['f;Ldisp_k
v, ® V..® V. (t—t
]t], tZ] k o k _ ( 1 )
2'”'];Ldisp7k 27[1(5 Ldispik Ldispik

RAGY R A)

Jt2 t5] Ldi%k 2.71.f. Ldixpik 0
1t5 84 (=27, (t=1,)+V,4,) Ly, (-1 Ly,
Vi-n) 7, A
Jta t5] - Ly & - Ly ¢ fo 27 f Ly,
Jis 1] e AN D
27 f\ Ly, 27 S Ly & Lug
IR L 0

Ldispik Z‘H‘A‘Ldixjiik
SOURCE: Author’s right.

Table 2.4 and Table 2.5 present these expressions to regions 1 and 2 and regions 3

and 4, respectively.



46

Table 2.5— Currents expression for Region 3 and 4

Interval Region 3 Region 4
[0, to] (2V, 4=V, 1,) Ly, V, Ly, 't

Jto.t1] (V,(t=t,)+V, 1 ).Ld,w_,;1 TV, L, @
Ji1,12] V,DT.L,, (v, DT, -V,.(t-1,)).Ly,
Jol (V. (t-)+V,DT).L,, 0

Jt]  (2V.(t=t)+V,4,).Ly, —V,.(t—t,) Ly, ;"
Jtts)  (V(t=t)=V,4,) Ly, ~V,.DI.L,,

5. t6] ~V,.DT.L,, " (¥,.DT+V, (t-t)) L,
Jtstr  (V,.(t—t)-V,.DT).L,, ,” 0

SOURCE: Author’s right.

Once the voltages and current analytic expressions of the MFT primary side are
determined, it is possible to obtain the instantaneous power equations through the multiplication
of the tables terms by the proper interval and region, resulting in the equations presented in
Table 2.6.

Table 2.6— Instantaneous power expression by Region

Interval Region 1 Region 2 Region 3 Region 4
0. to] 2V, t A t v t 2V, t v t v, t
, 10, - 0 - 0
Ldispik Ldispik Ldispik Ldispik Ldispik Ldispik
V"z‘(t_z‘))Jr A Vi, V"z'(t_t‘))Jr
]to’ tl] Ldixp_k Ldisp Z'H'f;Ldigl; . Ldixp_k Ldixp_k 0
Jti o] v, 9, 0 0 0
112 P —
2-”'stdmpj
Jt2. 13/ 0 0 0 0

SOURCE: Author’s right.

Due the symmetry of the voltage behavior for the /#, ¢;/ interval, the resulting
expressions are equal with the ones presented in Table 2.6, which demonstrate that the power
has the double of the current frequency.

With these time functions, it is possible to calculate the quasi-instantaneous power
expressions for each region by meaning of an integration considering the switching period, 7.

It is worth to mention that, in this operation, 7 is considered significantly smaller than the grid
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period, therefore D is considered constant between two adjacent switching periods. The result

of these derivations is presented in Table 2.7.

Table 2.7— Quasi-instantaneous Power by Region

Region Quasi-instantaneous Power
| V(47D +4r D-2D; + 21D, ~7°)
4 Ly 11
) V:d:.(47.D—-DF)
4.7° Ly, ¢,
2 2 2
. v} (@ -7) (0} -7 +47D)
4.7 Ly 1S
V?:D?
4 o "
Ldisp _k J(s

SOURCE: Author’s right.

Finally, it is possible to obtain the total transferred active power in the MFT
considering the variation of D during the grid period, Tgqa. The duty cycle variation for the
proposed topology with type B modules is defined by (2.12) and (2.13), where M is the

modulation index and wgyis is the angular frequency of the grid.

D@, -1)= %sin(a)grid 0) 2.12)

grid ’
M .
D,(®,,, 1) =1 _TSIn(wgrid 1) (2.13)

It is necessary to determinate the boundary conditions among the operating regions
to determinate the limit of integrations. Besides, it is, also, necessary determinate the operating

limits of (2.12) and (2.13), which is labelled as #. and it is expressed by (2.14).

a)grid

t, = ! arcsin (%j (2.14)
Figure 2.16 presents, for a quarter of grid period, the behavior of both aspects:
regions and duty cycle boundaries. It is shown every boundary instant, while #;, .2, t:3 and #.4
are defined in Table 2.8.
Table 2.8 presents the boundary instants considering the regions transitions and @y
less than 90°. It is possible to note from Figure 2.15 that @, < 90° implies no occurrence of

Region 3, justifying its absence in Figure 2.16.



Figure 2.16 — Boundary conditions for region and duty cycle functions
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Table 2.8— Boundary instants by its transition of regions

Transition IF Instant Value
. (T—-D,
@, <z(1-M) o arcsin —
Region 2 to
. tel
Region 1 T
@, >7z(1-M) g
4
()
O, <zM arcsin( £ j
Region 4 to , @iy .M
Region 2 < T.
D, >xM g4
4
2r—-D,
O, <7.2-M) P
Region 1 to '
. 13
Region 2 T
D > (2-M) g4
4
()
O, >7.(M-1) —arcsen(ﬂ+ kj
Region 2 to ; @, .M
Region 4 < T
O, <7.(M-1) i
4

SOURCE: Author’s right.
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A related point to consider is the boundary instants being dependent of the phase
shift angles, as well as the duty cycle required to provide the proper voltage level. Thus, their
determination is more easily obtained from a conditional requirement involving @, and M, as
presented in the second column (/F) of Table 2.8.

Thus, with the intervals and its time function, it is possible to obtain the expression

for the active power considering the grid period, being described by (2.15) to (2.19).
P

tcl

(D, M)=V (4ﬂ o 1 +8.7° Mcos(a) ot ))+

grid " cl grid *" cl

L 270 Mr o

g)zd cl gnd cl)

+V2( 7' M sin (2.0 +4.02.0

grid * cl)

-8.7.0 Mcos( t ))

gnd cl

+ (2.15)

+V2( 81D,

grid * cl

P, 2( 7*.M*.sin 2a)w L2)+4<I)2 D yyig- L2)+

o

(2.16)

o grld c2 grtd c2

+ 2(27: Mot +8.7.D Mcos( £ ))

P, 2( 47 Wy ly =87 Mcos( g,ld.tc3))+

7t M2, sm 2(0

grid * c3

-8, Mcos( 1 ))

)4(1)a)

grid * c3

~2.7° M 0,0t )+ (2.17)

gnd c3

-16.7%°0

grid * cl

grid * 03
2
gnd c4

+V,
+V,

-16.77 Mcos( s ))+
+V,

2
2
2

2
7~.M " .sin Za)g”d "

)= 4D} 0ty =27 M 0 )+ (2.18)

grtd c4

{
(8ﬂ®a)
(
A

167D, @ty +8.7.0,.M .coS(@,,,,4 ))

grid *"c4 grtd c4

P M*+8x1°+P

P(®.M) = 2 (P.M)+ P, (®,M)+P,

tc3
8.1’ .L,eakik.fs

The inductance of the input filter can be determined by (2.20), considering a fixed

(©, M)+ Py (9, M)

(2.19)

D desired and Mesireq for a desired active power, Fg.;.

3
4 M desired

2 + 8.72'3 + Bcl (q)kfdesired ’ Mdesi"ffd ) +

8.7’ Lrsirea-T
+ B ((Dkfdesired M esivea ) +B,; ((Dkfdesired M yesirea ) + B ((Dk desret> M desied )
8.7’ B sived fv

Ly kT

(2.20)

2.2.3 Analysis of losses

This section will present the losses analysis of the converter considering the

proposed converter with type B modules to address the devices losses and the theoretical
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efficiency. It is, also, shown a comparative losses analysis, considering other well-known

structures.
2.2.3.1 Conduction and switching losses calculation

In this section, the conduction and switching losses of the semiconductors are
obtained. Therefore, the switch characteristics is required from the manufacturer, and these
information are provided by curves. Then, it is necessary to use some interpolation technique
in order to extract the losses amount. In (2.21) and (2.22), it can be seen the equations that
represent the linearized curve for the instantaneous voltage as a function of the current through

the transistor and the antiparallel diode, respectively.

v,

y

(1) =Vopa +R - Iy () (2.21)
Vi (6)=Veoma + R -1 (£)5 (2.22)
where R; is the switch resistance and Rp is the diode resistance, Vcesq is the transistor saturation
voltage and Vpeond 1s the voltage drop across the forward-biased diode.

It is possible to obtain the instantaneous power in the switch, by multiplying (2.21)

and (2.22) with the respective current device. Then, by applying average value, it is conceivable

to calculate the conduction losses for the transistor and the diode, as presented in (2.23) and

(2.24), respectively.
T, .
1
PT[/‘icond = T . I (VCEsat'IT[j (t)—‘rRs .[T[/‘z (t))dt = VCEsal '[T[/‘iavg +Rs .[T[/'irmsz (223)
grid 0
T,
1
Dij _cond = T . I (VDcond'IDij (t)+RD .IDijz (t))dt = VDcond'[D[/'iavg +RD 'ID[/'irmsz (224)

grid 0
where I7i; ave and Ipj; avg are the average current through every transistor and diode, while I7i yms
and Ipjj »ms are the rms current.

The switching losses calculation requires the energy loss curve from the device
datasheet. Then, with a polynomial regression, it is possible to obtain the energy losses during
the turn on and turn off of the switch. These energy expression can be seen in (2.25) and (2.26),

considering a second order polynomial regression.
2
Wy o ()= ko ox + K, oy Ly (1) + ks oy <[ 11 (£)] (2.25)

2
WT[/‘fOFF (t) = kOfOFF + klfOFF '[Tij (t) + k270FF 'I:[Tg/ (t):| (2'26)

where, ki ov and k; orr are the regression coefficients. It is possible to note that the energy loss

depends of the current flowing in the device.
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In order to obtain power, it is necessary to multiply the energy expression by the

switching frequency and extract the average value, resulting in the (2.27) and (2.28).

1
Py on =7 j Wy ox (1)-dt (2.27)
r 0
1 T,
Py orr = Fj.fs Wi orr (Z) dt (2.28)
r 0

Finally, it is necessary to obtain the energy loss due the diode reverse recovery.

According with Casanellas (59) such energy can be calculated as follow:
O,Z-IDIM(t) I,
—= |1,/ 0,35, +0,15-]—-1D,.j (1)+1,(1) |,

where, I, is the switch rated current, #, reverse recovery time and /- is the reserve recovery

Wi o (t)=V. -[0,8+ (2.29)

n

current peak. Executing the same procedures presented for Prj on and Pr; orr, it is possible to

obtain the following expression for the power loss due the diode reverse recovery:

(2.30)

Dij_rr

1 I}
:Frj;f; .WDijirr(Z)‘dt'

Then, the total power loss of the semiconductors can be expressed by the sum of

the conduction, switching and reverse recovery powers, resulting in the following expression:

10

})switches = Z(})Ti/_cond +PDij_cand + })Tg'j_ONJr})T[/'_OFF + PD[/'_rr)
J=1

2.31)

The characteristics of the switches models selected for the losses analysis is

presented in Table 2.9, as well as, the coefficients resulted from the polynomial regression.

Table 2.9— Electric characteristics of the switch used in the analyses

characteristic IIRGP50 C3M006 characteristic IIRGP50B6 C3M00650
B60PD 5090J oPD 90J
Collector-to-Emitter 600 V 900 V Rp 20 MmO i
voltage
Continuous collector 33 A 35 A Ko ox 489 1] 25.94 uJ
current -
Reversttianr;covery 74 ns 12 ns ki on 1522 uyWb  756.3 nWb
V CEsat 1.687V 8.33 mV k2 on 86.55 nH 15.62 nH
Rs 31 mQ 85 mQ Ko oFF 282 wl 6.937 ul
VCEsat 3Q - 1.67 mV ki orr -7.94 uWb  256.3 nWb
Rs 30 - 82 mQ ka2 oFr 390 nH 20,62 nH
VDcond 1.479 V -

SOURCE: Author’s right.
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The first switch is the IGBT IRGP50B60PD and the second one is the silicon
carbide MOSFET, C3M0065090J. It is worth to mention that the IGBT negative current will
flow through the antiparallel diode, however in the MOSFET it is necessary to apply the
regression for first and third operational quadrants. Thus, Vcgwr 30 and Rs 3¢ are the values
obtained with the regression on the third quadrant.

The result from the losses analysis is presented in Table 2.10, where it is possible

to note that the silicon carbide switch obtained the best result for the losses analysis.

Table 2.10— Switches losses

characteristic IRGP50B60PD C3M0065090J
Conduction on the first quadrant 14.04 W 4.60 W
Switching 46.60 W 542 W
Conduction on the third quadrant 10.12 W 228 W
Reverse recovery 11.97 W -
Total 82.73 W 1231 W

SOURCE: Author’s right.

2.2.3.2 Transformer and inductance losses calculation

The proposed converter has four magnetics: the input inductance, the leakage
inductance, the autotransformer and the MFT. The input inductance can be obtained by (2.11),
once the maximum input current ripple is specified. The leakage inductance can be obtained by
(2.20), once is specified the power, modulation index and phase shitted angle.

Applying the values from Table 2.11, it is possible to obtain 1.57 mH and 331.8 pH
for the input inductance and the leakage one, respectively.

Table 2.11— Converter specifications

parameters Value
Dc link voltage Vae =400V
Output voltage V,=400V

Rms input voltage Ve =220V
Switching frequency  f; =20 kHz
Output power Poui=1kW
Turn ratio a=1
SOURCE: Author’s right.

With these inductance values, it is possible to determinate the respective inductor.
The inductors physical specifications are presented in Table 2.12. The current density and
magnetic flux density are specified to keep the transformers and inductors in the proper
operational range suggested by the manufacturer.
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Table 2.12— Inductor characteristics

parameter Lin Luaisp
Current density 450 A/em? 450 A/cm?
Magnetic flux density 03T 03T
Number of turns 317 152

4 wires / 3 wires /

Copper wires 22AWG 22 AWG
Wire length 26.02 m 9.42 m
Fill factor 0.27 0.32

MMTO034  MTTO002
Selected Core T7713 T4416

SOURCE: Author’s right.

The physical characteristics for the transformer and autotransformer are presented
in Table 2.13.

Table 2.13— Transformers characteristics

parameter autotransformer MFT
Current density 450 A/cm? 450 A/cm?
Magnetic flux density 01T 024T
Number of turns 160/160 134/134
Copper wires 2 wires / 3 wires /
22 AWG 22 AWG
Wire length 1445 m 12.12m
Fill factor 0.23 0.29
Selected Core MMTI139T6325 MMTI139T6325

SOURCE: Author’s right.

The copper conduction losses calculation is obtained through the following
expression:

2
}Z’Opper = Rwire [ rms > (232)

where, Ruwire 1S the conductor resistance.

Moreover, there are core losses which should be considered in the analysis, as well.
These losses are proportional with the switching frequency, the magnetic flux density and the
core volume (3). The core manufacturer provides the values related with the core analysis. Table
2.14 presents the magnetics losses obtained from the analysis.

Table 2.14— Magnetics losses

magnetic loss
Leakage inductor 2.96 W
Input inductor 14.62 W
MFT 9.03 W
Autotransformer 9.57TW
Total 36.20 W

SOURCE: Author’s right.
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2.2.3.3 Converter efficiency

Once the determination of the semiconductor and magnetics losses are elaborated,
it is possible to determinate the efficiency of the converter. Applying the IGBT IRGP50B60PD
the obtained result is 89.37%, while with the silicon carbide MOSFET is 95.38%. The

distribution of the presented result are shown in Figure 2.17.

Figure 2.17 — Proposed converter losses distribution
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® autotranstormer
B leakage inductor

u input inductor
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® gwitch comnmitation
® diode conduction
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SOURCE: Author’s right.

It can be noted that the IGBT used in the analysis presents 70 % of the total losses
amount, while for the silicon carbide switch only 25 % is obtained. In the magnetics, it is

possible to see that the input inductor is responsible for the largest amount of loss.

2.2.3.4 Comparative losses analysis

This section will present the losses analysis of the converter with both module type
operating in a real railway traction system application. The study of losses consists in the
analysis by using the modules presented in Figure 2.2.

In order to perform the comparative losses analysis, three additional structures have
been selected for comparison purposes with the proposed one, considering the same
specification and parameters stated in Table 2.15, for the same linear load condition. The
adopted number of modules can be seen in Table 2.16.
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Table 2.15— Design parameters considered in the comparative losses analysis

Parameter Specification (Type A) Specification (Type B)
Capacitance Cii=Ci=C, i=2200uF Ci k= Co x=2200pF
MFT frequency fMFT— 1 kHZ fMFT: 1 kHZ
Dc link voltage Vie=4kV Vie =4 kV
Number of modules Amin(4) = 12 NminB) = 6
Input current ripple Alin = 10% Alin = 10%
Rated rms imput voltage Vie=15kV Vae =15kV
Output voltage Vo=4kV Vo=4kV
Rated outpur power P,=1.5MW P,=1.5MW
Input frequency feria= 16,67 Hz feria= 16,67 Hz
Switching frequency fs=1kHz fs=1kHz
Ripple voltage across the AVeri=AVei=10% V, and

= — {0
capacitors AV 1= 5% V, AVeok=AVci k=5%V,

SOURCE: Author’s right.

The first is a PET converter formed by cascaded multilevel active front end (AFE)
circuits and parallel-output isolated dc-dc circuits, as presented in (60). The second one is
known as modular multilevel line converter (M?LC) (21), which consists in a single-stage
converter formed by four identical cascaded multilevel converter arms in a full-bridge structure.
Both topologies are presented in Figure 2.18. The third one is described in (61) together with

the modulation functions for all aforementioned topologies.

Figure 2.18 — Generalized structure of ac-dc/dc-de and ac-dc SSTs: (a) PET with AFE
topology, (b) M?LC Topology
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CELL, SM, S,
EN oo PR
ARwl(f ARM_D

CELL,

CELL,,

CELL, X
Rail - LRail
(a) (b)

SOURCE: Author’s right.

The general waveforms adopted in the analysis using the proposed topology with
type A is presented in (62). The switching function d(wt) and its complementarity function for
the primary winding current together with the sinusoidal input current /;; are used to obtained

the current waveform of each semiconductor.
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Table 2.16— Comparison result of the typical railway systems topologies

Proposed Proposed MLC PET with AC/DC MMC
Parameter topology  topology Q1) AFE 61)
(Type A)  (Type B) (62)
Conduction losses [kW] 4.7 2.6 10 6.2 4.7
Switching losses [kW] 63.2 28.9 78.2 44.3 113.9
Losses per module [kW] 5.7 53 14.7 8.4 4.9
Total losses [kW] 67.9 31.5 88.2 50.5 118.6
Efficiency [%] 95.7 97.9 94.4 96.7 92.7
Input Inductance [mH] 1 1 10 8 0.75
Multilevel \[’;:]tage WIHD 9017 0017 0.156 0.106 0.010
First harrpomc order of the 24xfs 2Axfs 12%fs 12%fs 24xfs
multilevel voltage
Minimum number of modules 11 6 6 6 22
Adopted number of modules 12 6 6 6 24
Number of .
T Primary 48 (4kV) 36 (4kV) 96 (4kV) 48 (4kV) 96 (4kV)
(blocking
voltage) Secondary 48 (4kV) 24 (4kV) 4 (4kV) 24 (4kV) 96 (4kV)
Total number of inductor x 12x 6x 1x 6x 24x
designed power 125kW 250 kW 1.5 MW 250 kW 62.5 kW
Total number of auto- 12x 6x i ) 24x
transformer x designed power ~ 62.5kW 250 kW 31.25 kW
Total number of Transformer 12x 6x 1x 6x 24x
x designed power 125kW 250 kW 1.5 MW 250 kW 62.5 kW
Number of Primary 24 (4kV) 6 (4kV) 24 (4kV) 6 (4kV) 48 (2kV)
capacitors (max.
voltage) Secondary 12 (4kV) 6 (4kV) 1 (4kV) 6 (4kV) 24 (4kV)

SOURCE: Author’s right.
Therefore, it is possible to obtain the modulation functions by observing the
behavior of the current through the switches.
In order to consider the same total silicon area for all topologies, conduction losses
have been estimated as in (63) using (2.21).

R A
P, (4,i)=U,, ~i+%.i2 (2.33)

The commutation loss curve can be considered independent on the silicon area as
stated in (63). In other words, the total number of switches in each topology is different,

although they have the same silicon area.
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The proposed topology considering modules type A requires at least eleven
modules to modulate the input voltage due the converter contribution of |Vac/2| for V. Twelve
modules have been chosen to achieve a modulation index lower than 90% at the rated operating
condition. The others topologies demand only six modules for the same modulation index, but
the one proposed in (61), requires 24 modules.

Moreover, the proposed topology for both module types and the AC/DC MMC (61)
present the best harmonic distribution for the multilevel voltage with the first amplitude seen
in the 24 order, thus allowing the reduction of the input filter volume, which can be evidenced
by the seventh row of Table 2.16.

AC/DC MMC topology has the major disadvantage of dc input characteristics,
being necessary the same number of modules to modulate the positive semicycle of the ac input
voltage, which results in the double number of modules if compared with the proposed type A
topology. This scenario gets even worse if compared with topology type B.

It is worth to mention that, although the proposed topologies present an
autotransformer as an extra magnetic component if compared with other solutions, the WTHD
of the multilevel voltage demonstrates that the input inductance value (1 mH) is way reduced
compared with the others topologies (10 mH (21), 8 mH (62)), resulting in a smaller magnetic
and, then, compensating the extra volume of the autotransformer.

The interleaving technique using an autotransformer allows good distribution of the
current stress in the semiconductors according to the calculation of conduction losses, while the
proposed converters presents the best results together with AC/DC MMC. In fact, the losses per
module in this case are the second best for Type B topology and the third best one for Type A
topology, since the number of modules of the AC/DC MMC is larger in relation with the ones
for the proposed topologies.

The handled power of each magnetic was provided to give the idea of size
magnitude in each element. The number of capacitors was also inserted in such table, together
with their operating voltage conditions. Although the number of capacitors is different, the total
capacitor volume requested by all topologies is the same due to low frequency component
presented in single-phase systems.

Finally, it is worth to mention that the introduced converters present the best and
the third best result in terms of efficiency, while the AC/DC MMC presents the lower one due
the large number of switching devices. In this analysis the contribution of the magnetics for the

losses is not considerate. So, the final efficiency result could vary from the presented
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calculation, however the author believes that these fact would not jeopardize the proposed study

and proposal.
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3 DESING PROCEDURE

This chapter is dedicated to present the description and tuning of the controllers
presented in the section 2.1.4, considering the proposed topology built with modules type B, as
presented in Figure 2.11b. Besides, it presents the sensor configurations applied in the converter
topology, as well as its signal conditioning schematics.

The specifications considered for the proposed converter design is presented in

Table 3.1 as well as its design parameters.

Table 3.1— Design parameters and specifications

Parameter Value Specification Value
Ri}gﬁ;ggut 220V Input inductance 1.57 mH
MEFT series
Input frequency 60 Hz inductance 331.8 uH
Redoumt | Mmooy
Dokl oy | Smeme
Dc link voltage Capacitance
(secondary side) 400V (secondary side) 470 pH
Switching 20 kHz Turns ratio 1
frequency

SOURCE: Author’s right.
3.1 Sensors

To create the proper exchange of information between the power converter and the
controllers, some sensors are necessary. They are responsible to generate the controlled
variables feedback signal from the power converter structures. This study uses two type of

sensors, voltage and current, which will be presented as follow.

3.1.1 Voltage

To obtain the voltages measurements in the converter, isolated voltages sensors
manufactured by LEM® are chosen. The selected model was the LP-20p (Figure 3.1a), due its
capability to measure voltages until 500 V with galvanic isolation above 2 kV.

One sensor in each module is necessary to obtain the voltage of the dc link in the
primary side of the MFT, but only one to measure the output voltage regardless the number of
modules. Moreover, another one is used to obtain the ac voltage value for the synchronism

circuit.
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Two resistors are necessary to set the measured voltage range of this sensor, as
presented in Figure 3.1b. One in series with the input terminal of the target-voltage side, R1,
which should limit the terminals current around =14 mA. The second one, Ry, is used together
with the inner gain of the sensor to produce the proper output voltage level for the analogic-
digital converter (ADC) in the microcontroller. The gain of the sensor is given by the ratio

2500:1000, while the input voltage A/D range is 0 to 3.3 V.

Figure 3.1 — Isolated voltage sensor: (a) physic aspect, (b) recommended circuit connections

detail

(b)

SOURCE: Author’s right.

In Table 3.2 is presented the parameterization settled for each voltage sensor used

in the proposed converter.

Table 3.2— Parameterization of the applied voltages sensors

Parameter AC input DC link voltage Output
voltage  (MFT primary side) voltage
Maximum input

voltage (+IN and -IN) 3TV 400V 400V

R1 23.5kQ 68 kQ 68 kQ

Ip 13 mA 5.9 mA 5.9 mA

Rm 50 Q 200 Q 200 Q

Is 33 mA 15 mA 15 mA
Calculated gain 4.8x1073 7.25%1073 7.25%1073

SOURCE: Author’s right.
Since the output sensor voltage maximum values are £1.5 V for AC voltages, it is
necessary a signal conditioning circuit to offset its negative portion in 1.65 V, leaving it only
with positive values. This circuit is inserted together with the filtering circuit in the used signal

conditioning schematic. Such arrangement is not necessary for the other voltage sensors.
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3.1.2 Current

For current measurements LEM® sensors are also used. The adopted family model
is the HO-NP/SP33. The rms value of the ac current is obtained by (2.15), considering the
parameters presented in Table 3.1.

P 1000
[ =—~2=—"+-=4554 3.1
"y V2 220 3-1)

Thus, the sensor used is the model HO 8-NP/SP33 (Figure 3.2a), which allows two
different connections, as presented in Figure 3.2b. The first one, series associated coils,
measures rms current until 2.67 A, while the second one, with paralleled coils, measures until

8 A.

Figure 3.2 — Isolated current sensor: (a) physic aspect, (b) recommended circuit connections
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SOURCE: Author’s right.

Configuration 1 is used to obtain the current in the inductances placed in parallel
with the primary and secondary terminals of the MFT, respectively. Then the current waveform
proportional with the magnetization current of the MFT is obtained. Besides, the configuration
2 is used to obtain the rms current in the input inductance filter. The inner gain of this sensor is

0.0575 V/A and its output voltage range is already set in 0 to 3.3 V, as default.
3.2 Anti-aliasing filter

A low-pass second order Butterworth filter is used to avoid aliasing in the feedback
signals. Its circuits is presented Figure 3.3.
With the desired cutoff frequency specified, as well as considering a damping factor

¢=0.7 and knowing the value of C, it is possible to establish the capacitance of C; by (2.16).

C == (3.2)
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Figure 3.3 — Second order Butterworth filter circuit
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It is considered that R; and R: are equal to simplify the design, allowing to express

their resistance value by (2.17).

1
R= @Tm (3.3)
Table 3.3 presents the values calculated for each filter used in the prototype.
Table 3.3— Parameterization of the applied filters
Parameter | 1o rimary side) | votege | current | survent -
Cutoff designed 10 kHz 10 kHz 10 kHz 5 kHz
frequency | obtained 10.55 kHz 10.55kHz | 10.55 kHz 4.94 kHz
R 2.2kQ 2.2kQ 2.2kQ 4.7kQ
R> 2.2kQ 2.2kQ 2.2kQ 4.7kQ
Ci 10 nF 10 nF 10 nF 10 nF
C 4.7 nF 4.7 nF 4.7 nF 4.7 nF

SOURCE: Author’s right.

3.3 Controllers designs

This section presents the description of the control loop designs applied in the
proposed topology. The methodology adopted consists in the k factor control method (64)
considering type II controller structures. The controllers are designed in the s-plane and then

discretized to the z-plane by Tustin’s approximation to be included in the microcontroller code.
3.3.1 Voltage DC link controller

The dc link voltage controller is built in a cascaded loop with the input current
control loop. Then, it is necessary to obtain the transfer function related with dc link voltage

and the ac input current, which is given by:
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R
H(s)=—F7"—, (3.4)
R,-C ,-s+1

where R, is the rated resistive load and C;  is the capacitor in the power module SMyi &.

Since the crossover frequency in this type of control loop is usually at low values,
it is possible to use this transfer function as an approximation of the real model with satisfactory
behavior. Moreover, the inner current loop is considered as a gain, since its crossover frequency
is much larger than the voltage’s one. Besides, the open loop transfer function should also
considers the voltage sensor gain, being obtained by:

H

OLTF,(s)=H,(s). o 3.5)

7

where, H, is the voltage sensor gain and #; is the considered the gain of the input current control

loop. The bode diagram for both gain and phase of the OLTF) is presented in Figure 3.4.

Figure 3.4 — Bode diagram of OLTF,
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It is worth to mention that the ADC gain can be neglected, since this control loop

provides the reference signal for the cascaded input current control loop, where such gain is
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considered, as presented in Figure 2.11b. Moreover, crossover frequency of 10 Hz and a desired
phase margin of 60 degrees is chosen.

The next step from the k factor control method is to calculate the required phase
boost by:

Boost =M — P —90, (3.6)
where, M is de desired phase margin and P is the modulator phase shift, all values expressed in
degrees. Since, all controllers in the proposed topology required a boost lower than 90°, (3.6)
can be applied in all of their designs control loop.

The calculated boost is applied in (3.7) to obtain the & factor, which is used to obtain
the frequency of the pole and the zero of the controller with the selected crossover frequency

and desired phase margin. The zero and pole frequencies are obtained by (3.8) and (3.9),

respectively.
k:tg(%+45°j (3.7)
®
= 3.8
0. == (3.8)
o, =a.k (3.9)

Now, it is necessary to calculate the required gain of the controller function to
guarantee the desired characteristics. It is possible to calculate such gain using (3.10).

1

Once, all parameters of the controller function are determined, it is time to obtain
its expression, which is given by (3.11).

S+,

C(s)=G. o, o
p

(3.11)
Finally, with the controller defined, the next step is to use Tustin’s approximation
to obtain the z-plane expression of the controller. The Tustin’s approximation is given by (3.12),
where z is the frequency variable in the z-plane and 77 is the sample period of the discretization.
2 z-1
§=—— (3.12)
1 z+1
The z-plane controller expression is achieved applying (3.12) in (3.11), which

results in (3.13).
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U(z) G.0,T, (0.T,+2).2 +20.T.z+(0.T,-2)
E(z) =Cle) == (4.+2 2 (3.13)
. +2.0,T,) 2 -8z+(4-2.0,T,)

Then, it is possible to relate the controller output with the error input by a difference

equation expressed by (3.14), where its coefficients are represented by (3.15) to (3.19).
U(z)=aU(z-1)+a,U(z-2)+b,.E(z)+b.E(z-1)+b,.E(z-2) (3.14)

. S (3.15)
2+7,.0,
T .0 -2
a, =+ % (3.16)
2+T,.0,
Go.T.2+T .o
hy=—-2= 2+7,) (3.17)
2(2+7,0,)
G.o.T*w
i ek M 3 (3.18)
2+T,.0,
GoT.T.o -2
, =— AL, 22) (3.19)

2.(2+7,.0,)

With the aforementioned methodologys, it is possible to determine the values of the

voltage controller coefficients, which are summarized in Table 3.4.

Table 3.4— Parameters of the dc link voltage controller

Parameter | Value
required phase boost Oy 43.681°
k factor ke 2.338
zero frequency W2y 26.877 rad/s
pole frequency Wpy 146.885 rad/s
controller required gain Gev 0.287
aiv 1.998
. . ax -0.998
dlfferenf%e §q1{[at10n bos 3507x10%
coefficients br, L 571x107
bav -3.506x10*

SOURCE: Author’s right.

In Figure 3.5 is presented the Bode diagram of the control loop tuned in the desired

specification.



66

Figure 3.5 — Bode diagram of OLTF, compensated
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3.3.2 Input current controller

To regulate the shape of the input current, the input current control loop uses, as its
reference signal, the control signal from dc link voltage loop control together with the sinusoidal
shape phase from PLL block. The transfer function for this loop is given by (3.20), where V, is
the dc link voltage and L, is the input inductance filter given by (2.11).

G(s)= 7 ‘is (3.20)

This controller regulates the modulation index of the proposed topology. In the
controllers design, it is necessary to consider the gains of the current sensor and ADC, as well
as, the one from the modulator. The gain of the current sensor is presented in section 3.1.2,
while the gains from the ADC and the modulator are described by (3.21) and (3.22), where Vru
is reference voltage of the ADC, Vypm is the maximum value of the modulator input, and F, is
the modulator gain, respectively.

2" —1
- VFad

K

ad

(3.21)
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F = (3.22)

m
ppm

The modulator is conceived to operate in a range of -2 to 2, which implies in a Vypm

The open loop transfer function of the current controller is expressed by (3.23),
considering all mentioned gains.

OLTF,(s)=G,(s).H.K,,.F, (3.23)

Figure 3.6 presents the Bode diagram of OLTF; for gain and phase behaviors,

providing the initial assumption for the k factor control methodology, similarly as in the last

section.

Figure 3.6 — Bode diagram of OLTF;

140

120 \

100 ~

Gain [dB]

60

10° 10°
Frequency [Hz]

-89.5

-90

Phase [degree]

-90.5

91

10" 10" 10' 107 10° 10* 10
Frequency [Hz]

SOURCE: Author’s right.

It is possible to note the first-order behavior expressed by (3.20), since this
expression is an approximated model for high frequency operation. Although the complete
model didn’t present pole at zero, the adopted model demonstrates good behavior in high

frequencies operations.
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The same steps made in the dc link voltage loop are taken here as well. Therefore,
it is selected a crossover frequency of 1.3 kHz and 60° of desired phase margin. Table 3.5
presents the parameters resulted from the k factor control methodology with Tustin’s

approximation as discretization method.

Table 3.5— Parameters of the input current controller

Parameter | Value
required phase boost i 60.097°
k factor ki 3.745
zero frequency Wzi 2,181 rad/s
pole frequency Wpi 30,590 rad/s
controller required gain Gei 3.018x10
asi 1.594
. . ai -0.594
difference equation Do 6.242x10"
bii 2.229x10°
bai -6.019x10*

SOURCE: Author’s right.
Figure 3.7 presents the gain and phase behavior for the compensated system. It is

possible to note the desired behavior for the input current control loop.

Figure 3.7 — Bode diagram of OLTF; compensated
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3.3.3 Output voltage controller

To specify the output control loop, it is necessary a transfer function that relates the
output voltage with the phase shift angles between the primary and secondary side of the MFT.
This function can be obtained applying gyrator theory (65).

Gyrator is considered the fifth linear networks element and it is composed by two
ports interconnected by a constant denominated as gyration resistance, R, as presented in

Figure 3.8.

Figure 3.8 — Proposed symbol for the ideal gyrator
i 7 i2
= —R,— -

+ +

L Da

SOURCE: Adapted from (65).

The work presented is (66) uses the gyrator theory to represent the DAB converter,
with R, expressed by (3.24).

®
R-——1 o, 1 (3.24)
g 2.7 f Ly, i Vg

This model can be used to find the required transfer function for the tuning of the
output voltage control loop. Figure 3.9 present the equivalent circuit used to extract such

transfer function.

Figure 3.9 — Equivalent circuit of the load port
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pri sec
= -~ R ——a -

+

{ D

A A

=C0_k E

SOURCE: Adapted from (66).

Then, the transfer function which relates the secondary voltage with the phase shift

angle in the MFT is expressed by (3.25).

() et [1-1]) R (3.25)
‘ 27 fo Ly, & 7 ) R,.C, s+1
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Next, the transfer function used in the control methodology is archived by making
a linearization in (3.25) with the adopted operational point, resulting in (3.26), where @, is the
phase shifted angle by the rated output power in the load port and Lieq is the series inductance

of the proposed converter expressed by (2.20).

Gvuu[(s): VO * 1_ 2|¢)(’| . RO (326)
2.7 f Ly & V4 R.C, 6 ,s+1

Finally, the transfer function is arranged with the gains of the voltage sensor and

o_

the ADC to obtain the open loop transfer function presented in (3.27).
OLTF,,(s)=K,.H,G,,(s) (3.27)

vout
The k factor control methodology is used considering crossover frequency of 500
Hz with a desired phase margin of 60°. The behaviors of gain and phase of the OLTFou is

presented in Figure 3.10.

Figure 3.10 — Bode diagram of OLTF\ous

100

80

N~

60 \\\
) M
= 40 S
E 1
&

20 \

0- - \\’
20 ‘ S |
10" 10° 10 107 10° 10* 10°

Frequency [Hz]

0

2N\

o
)
5, 40 N
=
L
Z -60-
=
oy
20 : : : N
- \\‘
-
-100 ‘ L
10" 10° 10' 107 10° 10* 10°

Frequency [Hz]
SOURCE: Author’s right.

Table 3.6 presents the parameters resulted from the k factor control methodology

with Tustin’s approximation as discretization method, while Figure 3.11 presents the gain and
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phase behavior for the compensated system. It is possible to note the desired behavior for the

output voltage control loop.

Table 3.6— Parameters of the output voltage controller

Parameter | Value
required phase boost Oout 59.757°
k factor kvour 3.701
zero frequency Wzvout 848.918 rad/s
pole frequency Opvout 11,630 rad/s
controller required gain Gevour 0.023
dlvout 1.823
. . A2vout -0.823
brvout 2.833x107
b2vout -1.988x1073

SOURCE: Author’s right.

Figure 3.11 — Bode diagram of FTLAyou: compensated
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3.3.4 DC link voltage balancing controller

This control loop, as mentioned in section 2.1.4, is responsible for the balancing of

the dc link voltage in each module of the proposed converter. In order to do that, the control
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loop should works slower than the dc link voltage loop, resulting in the correct regulating of

the dc link.

Then, the dc voltage link balancing control loop uses the similar control structure

as the one presented in the output voltage control.

The difference is in the feedback signal where it uses the dc link voltage of each
module in its respective control loop instead of the average value of all modules combined.
However, this signal is used as reference in this control loop, as presented in Figure 2.11b.

Thus, the crossover frequency selected is 250 Hz with a desired margin of 60°.
Figure 3.12 presents the gain and phase behavior for the compensated system. It is possible to

note the desired behavior for the dc link balancing control loop.

Figure 3.12 — Bode diagram of OLTF 4 pami compensated
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Table 3.7 presents the parameters resulted from the k factor control methodology

with Tustin’s approximation as discretization method.



Table 3.7— Parameters of the dc link balancing voltage controller

Parameter | Value
required phase boost Olvdc_banl 59.515°
k factor kvdc pani 3.67
zero frequency Wzvdc_banl 428.028 rad/s
pole frequency Wpvdc_banl 5,765 rad/s
controller required gain Gevde banl 0.011
A ]vdc banl 1.908
. . A2vdc banl -0.908
dlfferenf%e .eqliatlon bovdc_bani 5.214x10*
coctiicients bivde_bani 3.706x10°¢
b2vdcibanl -5.177x10*

SOURCE: Author’s right.

73
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4 EXPERIMENTAL SETUP AND RESULTS

This chapter presents the experimental setup and its operational behavior, as well
as, the results of the simulation models. The prototypes and simulation model specifications are
shown in Table 3.1 in the controller design procedure. Firstly, the single-module converter with
type B module is built and tested in the test rig. Then, the same it is done with the two-module
configuration, in order to validate the multi-module structure of the proposed power converter.

Both prototypes are addressed in the following sections.
4.1 Prototypes description

Figure 4.1 shows the prototype considering the single-module structure. The test
rig consists in the submodules SM,; and SMsec. The PCB for each submolude is designed with
the driver from SEMIKRON®, model SKHI 61(R). The voltages and current sensors are also
placed in the PCBs with the configuration presented in the last chapter.

A dc power source to feed the auxiliary circuits, such as, buffers, drivers and filters,
it is used as well. The model selected is the NET-75C by MEAN WELL?®, since it provides all

the dc voltages levels used in the test rig.

Figure 4.1 — Single-module structure prototype: (a) front view, (a) superior view
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SOURCE: Author’s right.

The microcontroller applied in the experimental setup is the TMS320F28377D

from Texas Instruments®, as presented in Figure 4.2.
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Figure 4.2 - TMDSDOCK28377D Experimenter’s kit

SOURCE: Adapted from (67).

This device, has a dual-core structure of 32-bit processor from Delfino family. The
dual-core architecture is important due the space vector modulation algorithm implementation
which occurs in one core, while the control routine runs in the other.

Figure 4.3 presents the prototype built with the two-module structure configuration.
It is possible to note that the modularity of the proposed structure facilitates the constructions

and specifications of the prototype.

Figure 4.3 — Two-module structure prototype
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SOURCE: Author’s right.

Table 4.1 presents the main devices used in the proposed topology. Due the
modularity of the proposed converter, such list tends to remains with the same kind of

components, although their numbers should increase as the number of module does.
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Table 4.1 — Mainly devices applied in the experimental setup, considering the two-module

configuration
Device Model Oud. Specification
Discrete IGBT (IR) GP50B60PD1 24 und. 600 V/33 A
Driver (SEMIKRON) SKHI 61(R) 4 und. —
Dc link Capacitors B43304-H2687-M 4 und. 680 uF/450 vV
(primary side)
(C) 1=340 F/300 V) R75-MKP 6 und. 0.22 pF/1 kV
Dc link Capacitors B43503-S5477-M91 2 und. 470 uF/450 V
(secondary side)
(Co 1=940 uF/450 V) R75-MKP 2 und. 0.1 pF/1kV
Current sensor (LEM) HO 8-NP/SP33 5 und. 8A
Voltage sensor (LEM) LV 20-P 4 und. 10-500 V
Ferrite Toroid Cores MMTO002T4416 2 und. —
(Magmattec) MMT139T6325 4 und. —

Iron dust Cores
(Magmattec)
SOURCE: Author’s right

MMTO034T7713 1 und. —

4.2 Simulation and experimental results

This section is dedicated to present the steady and dynamic behaviors of the
proposed converters either in simulation and experimental tests, such as: steady-state and power
flow inversion.

The prototypes are built considering the parameters from Table 3.1 and the
controllers tuning presented in the last chapter. It is worth to mention that the same controllers
tuning is used in both simulation and experimental tests.

The results concerned with the power converters using type A module are presented
in (54), while the ones considering the single- and two-module configurations of the proposed

converter, both with modules type B, are presented and discussed as follows.
4.2.1 Steady-state behavior

This section focus in the presentation of the steady-states behaviors of the proposed

topologies, considering the single- and two-module structures.
4.2.1.1 Single-module power converter structure

The rms sinusoidal input voltage is maintained at V,~220 V and 60 Hz thus

resulting in 1 kW, while some results are presented through Figure 4.4 to Figure 4.7.
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Figure 4.4 — Single-module structure steady-state behavior for the input voltage and current:
(a) simulation results, (b) experimental results
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SOURCE: Author’s right.

The waveforms regarding the input voltage and current is shown in Figure 4.4a for
the simulations analysis. The current remains sinusoidal, whose rms value is 4.5 A with THD
of 5.98%, while the power factor is 0.995. Figure 4.4b presents the experimental behavior of
the same variables, where THD of 7.9% and power factor of 0.982, it were found.

Figure 4.5 shows the multilevel voltage across the input terminal of the single-

module converter structure. It is possible to see the expected five voltage levels from (2.6).

Figure 4.5 — Single-module structure steady-state behavior for the multilevel voltage: (a)
simulation results, (b) experimental results
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Figure 4.5a presents three grid cycles of the multilevel voltage for the simulation
analysis. It possible to see that the expected five voltage levels are achieved. Similar behavior
is note in Figure 4.5b for the experimental test, as well. Then, it is possible to conclude that the
vector modulation algorithm was implemented correctly in both tests, in term of the modulated
voltage.

Figure 4.6 presents the behavior of the voltages across capacitors C; ; and C,. It is

possible to notice the satisfactory actuation of the dc link voltage control loop as V¢ ;=400 V is
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achieved in Figure 4.6a and Figure 4.6b with the results for simulation and experimental tests,

respectively.

Figure 4.6 — Single-module structure steady-state behavior for the voltages across capacitor
C; 1 and C,: (a) simulation results, (b) experimental results
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SOURCE: Author’s right.

Still in the same figure, it is, also, possible to see the correct behavior of the output
voltage, since the voltage across the capacitor C, is regulated by the output control loop in Vou
=400 V.

In Figure 4.7, it is presented the steady-state behavior of the voltage across the
MFT. Figure 4.7a presents the simulations behaviors, while the Figure 4.7b presents the
experimental ones. It is possible to see the correct performance of the space vector modulator,
since it is providing the multilevel capability to the input terminals of the converter as the

medium frequency operation for the MFT is archived.

Figure 4.7 — Single-module structure steady-state behavior for the voltages across the MFT
and the current, as well: (a) simulation results, (b) experimental results
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Three switching periods are considered to analysis the medium frequency behavior
of the MFT variables in Figure 4.7. It is possible to note that V), and Vi are phase shifted by
@, to obtain the power flow in the terminal of the MFT. Finally, the current through the series

inductor is also presented in Figure 4.7, where its correct correlation with the MFT voltages is

noted.

The Graph 4.1 presents the efficiency curves of the single-module power converter

structure, considering both the rectification and inversion modes.

Graph 4.1- Single-module experimental efficiency: (a) rectification mode (b) inversion mode
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In Graph 4.1a it is possible to see the rectification mode behavior, which has the
maximum efficiency point of 90.4%, while at the rated power relays in 90.1%. The results for

reversion mode is presented in Graph 4.1b, where the maximum efficiency point is 89.87% and

about 89% is noted in the rated power operation.

4.2.1.2 Two-module power converter structure

The steady-state results with two-module structure are presented considering the
parameters presented in Table 3.1, however with V=440 V and 60 Hz thus resulting in 2 kW
(1 kW per module), while some results are presented through Figure 4.8 to Figure 4.13.

The first result regards the steady-state behavior of the ac current in the input filter.
presents, such variable behavior for simulation and experimental steady-state condition. It is
possible to see a sinusoidal waveform shape, resulting in rms value of 4.5 A with THD of
10.77%, while the power factor is 0.941, for simulations tests presented in Figure 4.8a. Figure

4.8b presents the experimental behavior of the same variable, where THD of 7.5% and power

factor of 0.946, it were found.
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Figure 4.8 — Two-module structure steady-state behavior for the ac current in the inductive
filter: (a) simulation results, (b) experimental results
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The multilevel voltages of each module, as well as the resulting multilevel voltage,
are presented in Figure 4.9. The first graph presents the resulting multilevel voltage, Vi, which

according with (2.6) shows the expected nine levels.

Figure 4.9 — Two-module structure steady-state behavior for the multilevel voltages in the
simulation model
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The second graph exhibits the five-level voltage in the input terminal of module 1
and the third one shows the five-level voltage in module 2. With these results it is possible to
note the correct operation of the space vector modulator in the simulation model in terms of to
provide multilevel voltages for each modules, while the resulting multilevel voltage is
composed by four more voltage levels.

Figure 4.10 presents the behavior of the same variables aforementioned, however
with experimental results. It is possible to see very similar behaviors compared with the ones
in Figure 4.9, as the first graph presents the expected nine levels multilevel voltage, while five-

level voltage can be noted in each modules.
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Figure 4.10 — Two-module structure steady-state behavior for the multilevel voltages in the
experimental test

=

>E

Z. 500

s 0

_E-500

. 500

S 0

>§-500 . .

-5 0 5 10 15 20 25 30 35 40

Time [ms]

SOURCE: Author’s right.

In Figure 4.11, it is presented the detail of the phase deposition between the
multilevel voltages in each module of the power converter structure. It is possible to see the
phase shift of 90°, expected from (2.3), between such voltages, as well as, the doubled frequency

operation of the resulting multilevel voltage, V.

Figure 4.11 — Detailed two-module structure steady-state behavior for the multilevel voltages
in the experimental test
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The dc voltages are presented by Figure 4.12, where Figure 4.12a exhibits the dc
link voltages in the simulation model. It is possible to note the regulation of all the dc voltages
at the primary side of the MFT as a result of the dc link voltage control loop, since the dc
voltages are regulated in 400 V of average value, for each module. The output voltage is, also,
possible to see the good regulation of the output voltage control loop, as its value remains 400
V.
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Figure 4.12 — Two-module structure steady-state behavior for the dc voltages in the
simulation and experimental tests
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Figure 4.12b presents the experimental results for the same dc voltages. The
regulation of such voltages are, also, archived in the experimental set up, as it is possible to see
the average value of 400 V in the waveforms.

In Figure 4.13 is presented the waveforms of the voltages across the MFT terminals
for each module. Figure 4.13a presents the waveforms regarding the results from the simulation,

while the ones from experimental set up are presented in Figure 4.13b.

Figure 4.13 — Two-module structure steady-state behavior for the MFT voltages and its
primary side current in the simulation and experimental tests

- \’;rn ! l\'JI.Vrscn'__a' |\';J.]pr'i’xr [A>4“[ .\ |"T1 |\ I.\‘ sec J' |\”l.!pn 1 IA 4(}]
400 F ] 400f
200w oo SN 200¢
0 ."_._ o | Y A L ! - £ } (}16‘.‘..., J“'
D00 | <ottt ol Rl > A I | 4 B 22000 \,J q.l' U u'
400 ———~> - s - | 4007
p,, |\ |l\/m I\/I.]pn 2[A=40]
00— i 400 T
200 |+ i e ”: TN A 200
0 ol Mg N i ;_;_! 0 Tﬁ[\..v ﬂa:z-\(n.(. # D faﬂ[\:‘.—,\. ,c;:d. A
200/ Nl be N N 200
400+ - I — Lod 2400 e 'F“‘ o
03 032 034 036 038 04 042 044 0 0.05 0.1 0.15 !).2
Time [ms] Time [ms]
(a) (b)

SOURCE: Author’s right.

It is possible to see the correct behavior of the three-level voltages across both
primary and secondary sides of the MFT in each module, ensuring the correct performance of
the proposed modulation algorithm. Although, the frequency of such waveforms remains
constant, their widths varies with the input current control loop, presented in chapter 3. Besides,

the phase shift delay, it is also changeable by a control loop, regulating the power flow of the
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proposed converter. All these characteristics are noted in Figure 4.13 both simulations and

experimental tests.
4.3 Dynamic behavior

This section present the dynamics result of both single-module and two-module
structures during the reversion of the 100% to -100% of the rated load condition. These kind of
tests demonstrate the performance of all control loops embedded in the DSC in a unique
dynamic situation. Then, it is possible to evaluate the behavior of the regulated variables of the

proposed power converters.
4.3.1.1 Single-module power converter structure

Figure 4.14 presents the result of the power inversion of 100% to -100% of the
converter rated power in the simulation model. It is possible to seen the complete inversion
(180°) of the ac input current phase in relation of the grid voltage, demonstrating the expected
behavior of the test. The settling time for the ac input current is about 0.13 s and, since the test
has the same amount of power at its begin and end, the ac input current has the same waveforms

with the respective phase disposition in each step of the test.

Figure 4.14 — Single-module structure dynamic behavior for the reversion power flow test in
the simulation model

YV, [V/20] L, [A]

Time [s]
SOURCE: Author’s right.

It is noted a drop in the dc link voltage, Vc;, during the test is about 80 V with a
settling time about 0.2 s. The output voltage behavior, V¢, presents a voltage variations about
30 V, been regulated by the output voltage control loop to its reference value in 0.2 s, as well.

In Figure 4.15 it is presented the behavior of the same variables presented in the
last figure, however for the experimental test. It is noted a very similar behavior among the
variables in each test, since the simulation model was configured with the maximum number

of parameters from the experimental set up, as well as, the same controllers gains.
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Figure 4.15 — Single-module structure dynamic behavior for the reversion power flow test in
the experimental setup
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The ac input current has a settling time about 150 ms with the complete inversion
of its phase angle compared with the one in the grid voltage, as expected by the nature of the
test. The behavior of the dc voltages are, also, noted, where the V¢, and Ve, are regulated
perfectly by the control loops. The V¢; has a drop about 80 V, while V¢, has about 30 V. The

settling times of such dc voltages are 200 ms, similar with the ones presented in the simulation.
4.3.1.2 Tow-module power converter structure

The Figure 4.16 presents the behavior of the reversion power flow test with the two-
module structure in the simulation model. Each module process 1 kW, resulting in a power flow
of 2 kW. The grid voltage was increased to 440 V, then the ac input current characteristics were

preserved.

Figure 4.16 — Two-module structure dynamic behavior for reversion power flow test in the
simulation model
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It is possible to noted that the ac input current maintain the same shape for both
power flow conditions, besides the opposite phase angle, during the begin and end of the test.
The settling time is about 200 ms.

The dc voltages in the primary side of the MFT for each module, V¢, ; and Ve »,
respectively, present a good regulation during the test, since both voltages has very similar
behavior with a maximum drop about 50 V and settling time about 350 ms.

The output voltage, also presents a good performance, since its regulation was
correctly made by the output voltage control loop. It is possible to see a variation about 55 V.

In Figure 4.17 is presented the result of the same test made in the simulation model,

however in the experimental set up.

Figure 4.17 — Two-module structure dynamic behavior for reversion power flow test in the
experimental setup
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It is possible to note a very similar behavior among the variables from the
simulation test and this one, for the same reasons mentioned before.

The ac input current waveform present the expect behavior of reversion of the phase
angle and the power factor correction made by the input control loop. It is, also, possible to see
the good behavior of the dc link voltages in each module, regulated by the dc link voltage
balancing control and the dc link voltage control loops. With the dc link voltage balancing, it is
possible to regulate the dc link in each module independently during the dynamics situations,
as explained in the chapter 2. Then the variation about 50 V and the settling time about 350 ms
is considered good result.

Finally, the output voltage present a drop about 50 V, as well with the same settling

time presented before.
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S CONCLUSION

This thesis has presented a new concept for a bidirectional multilevel converter with
cascaded structures feasible to traction applications. The qualitative and quantitative analysis is
presented through the operating principle, theoretical waveforms, experimental results, as well
as the comparative study for real railway parameters applications have been presented and
discussed.

The theoretical analysis has demonstrated the impact of the interleaving technique
based on coupled windings providing a simple solution for the current sharing among the
semiconductors in the primary side of the MFT. Besides, the proper adjustments of the
respective MFTs turns ratios in the modules allow the structure achieve low-voltage capability,
thus increasing its flexibility. Even though it uses coupled-winding unlike other solutions with
additional conversion stages, the proposed concept has presented satisfactory results, while
nearly the same efficiency has been achieved for both arrangement of the proposed converter.

It was possible to note that even with the additional magnetic, it is possible to
compensate the total magnetic volume due the good results of WTHD from the multilevel
voltages which the proposed converter can provide for the application. Then, the magnetic
volume of other topologies are similar of the one in the proposed converter, as it was presented
in the comparative losses analysis.

The main contribution of this work lies in the conception of an interleaved cascaded
modular converter adequate to high-voltage application. Its modularity resulting from the use
of ISOP configuration is highly desirable in medium-voltage high-power application
considering the minimization of voltages stresses across the semiconductors. Besides, it is
possible to select spare modules for live system maintenance, which can be scaled up or down
easily for distinct applications.

Possible future works from this thesis can be focus in the expansion of the number
of modules for a high-voltage prototype, and then, using spared modules, it is possible to
investigate the proposed converter failure tolerance.

Other possible branch, is to investigate the union of the MFT and interface
transformer in one single magnetic core structure. Preliminaries studies with this matter, in the
laboratory where this thesis was developed, shows promising results, like the reduction of the

resulting magnetic volume.



87

In fact, the mature investigation of these aspects is the key to more efficient,

versatile and reliable development of topologies with the same characteristics of the proposed

converter.

5.1 Scientific Production

Some of the scientific or technical papers that it were published in the last five years during

the PhD studies are presented as follow.

5.1.1 Proceeding Papers

a)

b)

d)

HONORIO, D. A.; et al. Modular transformer in Isolated Multiport Power Converters.
In: 2017 3RP ANNUAL SOUTHERN HEMISPHERE POWER ELECTRONIC
CONFERENCE, 2017 Puerto Varas, Chile. Conference Publications... 4-7 dez.
2017, p. 1-5.

HONORIO, D. A_; et al. A solid state transformer based on a single-stage AC-DC
modular cascaded multilevel converter. In: 2016 18™ EUROPEAN CONFERENCE
ON OPWER ELECTRONICS AND APPLICATIONS, 2016 Karlsruhe, Germany.
Conference Publications... 5-9 out. 2016, p. 1-9.

HONORIO, D. A; et al. A Space Vector PWM scheme for a Single-stage Ac-Dc
Modular Cascaded Multilevel Converter. In: 2015 IEEE 13™ BRAZILIAN POWER
ELECTRONICS CONFERENCE AND 15T SOUTHERN POWER ELECTRONICS
CONFERENCE, 2015 Fortaleza, Brazil. Conference Publications... 29 nov.-2 dez.
2015, p. 1-6.

HONORIO, D. A.; OLIVEIRA, D. S.; BARRETO, L. H. S. C. An AC-DC Multilevel
Converter Feasible to Traction Application. In: 2015 17™ EUROPEAN
CONFERENCE ON POWER ELECTRONICS AND APPLICATIONS, 2015
Geneva, Switzerland. Conference Publications... 8-10 set. 2015, p. 1-9.
OLIVEIRA, S. O.; et al. A Single-State AC-DC modular Cascaded Multilevel
Converter Feasible to SST Applications. In: 2015 INTERNATIONAL EXHIBITION
AND CONFERENCE FOR POWER ELECTRONICS, INTELLIGENT MOTION,
REWABLE ENERGY AND ENERGY MANAGEMENT, 2015 Nuremberg,
Germany. Conference Publications... 19-20 mai. 2015, p. 1-8.

OLIVEIRA, S. O.; et al. A two-stage AC/DC SST based on modular multilevel
converter feasible for AC railway systems. In: 2014 IEEE APPLIED POWER
ELECTRONICS CONFERENCE AND EXPOSITION, 2014 Fort Worth, USA.
Conference Publications... 16-20 mar. 2014, p. 1894-1901.
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g) OLIVEIRA, S. O.; et al. A two-stage AC/DC SST based on modular multilevel
converter. In: 2013 BRAZILIAN POWER ELECTRONICS CONFERENCE, 2013
Gramado, Brazil. Conference Publications... 27-31 out. 2013, p. 254-258.

5.1.2 Journal Papers

a) BARRETO, L. S. C.; et al. An Interleaved-stage Ac-Dc Modular Cascaded Multilevel
Converters as a Solution for MV Railway Applications. IEEE Transaction on

Industrial Electronics, carly access, p. 1-9, set. 2017.
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