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Abstract

The electrical distribution system is experiencing a profound evolution process triggered
by the increasing integration of Renewable Energy Sources (RES) and Distributed Gener-
ation (DG), alongside the widespread use of Electric Vehicles (EVs), the related charging
stations, and the growing adoption of Energy Storage Systems (ESSs). The behavior of
such loads and sources, interfaced with the grid via an increasing number of power elec-
tronics converters and often intermittent in nature, together with a bidirectional power
flow requirement, poses new challenges for the reliable and safe operation of the distribu-
tion system. In this context, the concept of Internet of Energy (IoE), or Energy Internet
(EI), has emerged and is nowadays widely discussed in the literature as a new paradigm
shift to address the growing demand for modernization of the current distribution network.
The goal in the [oE scenario is reshaping the current distribution grid into an intelligent
and flexible active network, both through a radical informatization process that involves
the renewal of the grid communication infrastructure and the addition of distributed mon-
itoring points and via the implementation of advanced energy management and control
functionalities to enable the safe, robust, effective, and efficient integration of intermittent
sources and loads.

At the core of this future smart grid scenario, the Solid-State Transformer (SST) is
envisioned as the best candidate due to its flexibility and advanced control features. This
is because the SST is a power electronic-based transformer capable of providing advanced
services and grid-supporting features, besides galvanic isolation and voltage adaptation,
through its control system, and therefore is intended for replacing conventional Line Fre-
quency Transformers (LFTs) at strategic nodes of the grid. Moreover, the core isolation
stage of the SST operates at high frequencies and, therefore, it enables volume and weight

reduction of the whole system compared to traditional and bulky LFTs.
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In the IoE scenario, the most suitable SST configuration is the triple-stage one, which
consists of three conversion stages. Due to the large number of stages, the SST control
is intrinsically complex. It has been shown in the literature how the coupling among
controllers makes the design of the overall control system challenging and, additionally,
multistage cascaded converters are significantly prone to instability due to interaction
between converters. Moreover, even if the SST is stable as a standalone system, it may
become unstable when connected to the grid because of dynamic interactions with other
grid-connected converters, leading to the so-called harmonic instability phenomenon.

In this context, this thesis aims to explore the SST stability issue from both the DC-
link and grid-connection perspectives. To do so, in the first part of this work, the SST
suitable topologies and their conversion stages are reviewed. Once the SST architecture
is selected, the main ratings and parameters are designed according to the presented
IoE application requirements. An average model of the converter, that enables faster
simulations and physical insights into the SST dynamics, is then derived. Through it, the
small-signal model of the SST can be obtained. Based on that, the SST control system is
presented and designed and the related impedance model is derived. The latter is selected
as assessment tool to evaluate the DC-link and grid-connection stability of the SST under
investigation. The results obtained provide support during the design phase of the SST

and its control strategy, with the aim to achieve a stable grid-connected operating system.
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Chapter 1

Introduction

In recent years, the public awareness regarding environmental issues and global resource
limitations has increased as a result of global warming and climate change. This led to
a strong focus on promoting renewable energy sources and enhancing energy efficiency in
political agendas, exemplified by initiatives like the now passed Europe 2020 strategy [1]
which is currently driven forward by new climate targets defined within 2030 and also
2050 |2]. To this extent, besides the goals defined within the year 2020, i.e. the reduction
of greenhouse gas by 20% compared to the levels of 1990 by means of 20% increase in
energy efficiency and in integration of Renewable Energy Sources (RES) on the total
gross energy consumption, current binding targets endorsed by the European Council
are the net domestic reduction of greenhouse gas emissions by at least 55% within 2030
(compared to 1990 levels) and the European Union climate neutrality by 2050. The latter
means achieving net zero greenhouse gas emissions for European countries as a whole,
mainly by cutting emissions, investing in green technologies and protecting the natural
environment [3.

The increasing share of RES helps reduce the fossil fuel utilization which are respon-
sible of polluting gases emissions, supporting the so-called energy transition towards a
cleaner sources. Therefore, RES play a vital role in reducing the emissions of greenhouse
gases. However, their integration in the utility grid is not straightforward. In traditional
grid, the power is generated in large central plants and it is distributed through transmis-
sion and distribution networks, in which the voltage level usually decreases when moving

from sources towards loads. Typically, these are directly connected to the distribution



grid, i.e. at Medium Voltage (MV) level, in case of high power demand or to the Low
Voltage (LV) distribution grid when residential loads. Hence, the traditional distribution
network has been established as a passive network in which the power flow is unidirec-
tional, i.e. from the large power plants to the end users. On the other hand, except for
hydro power plants, other major RES like wind and solar cannot be easily centralized.
Furthermore, their availability depend on weather conditions, thus it shows fluctuating
and intermittent behavior. Those aspects pose new challenges for the penetration of RES
in the current distribution grid. This has led to the concept of distributed generation
where renewable sources are connected to distribution grids at remote locations.

In the last years, with the evolution of power electronics, the integration process of such
Distributed Generator (DG) have been greatly developed. Therefore, nowadays a large
number of RES are connected to the grid at different voltage levels (either LV or MV) and
at various and remote locations. Usually, they are placed near the loads so as to reduce
transmission line congestion and thus losses. However, the extensive deployment of DGs
can negatively impact grid reliability and power quality. Factors like voltage fluctuations,
especially evident during abrupt changes in DGs output caused by weather shifts, and the
lack of synchronization between DGs output power and load profiles (particularly notice-
able with wind energy systems), can contribute to the distribution network congestion if
not properly managed, etc. To mitigate those negative effects, Energy Storage Systems
(ESSs) are increasingly being incorporated into the grid to store excess energy produced
by DGs and thus improve the grid power quality. For instance, battery storage systems
can charge during off-peak hours when electricity costs are low and discharge during peak
demand periods, smoothing out load profiles and alleviating distribution line congestion.
Furthermore, even more recently the rise of Electric Vehicles (EVs) technology has ne-
cessitated the installation of charging stations into the distribution grid to meet the EV
demand. However, while EV integration shares similarities with storage systems features
in terms of grid reliability, the rapid charging times requested from EVs can strain the
distribution network, leading to increased peak demand and potential congestion.

The increasing adoption of these systems along with the widespread penetration of
RES has reshaped the infrastructure of the electric distribution network, resulting in

a more complex system that largely relies on power electronics devices. Furthermore,



the legacy concept of passive network should be revised to meet with current grid re-
quirements, in which the power flow is no longer exclusively unidirectional, but it can
be bidirectional. Consequently, the network has transitioned into an active network as

Fig. 1.1b shows, posing new challenges related to power quality, reliability, and voltage

regulation.
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Figure 1.1: The evolution of electric distribution network driven by modernization: (a)
legacy passive network in which the power flow is unidirectional, i.e. from sources to loads

and (b) modern active distribution network dominated by bidirectional power flows and

power electronics-based system [4].



In order to address the aforementioned challenges, power electronics is becoming more
vital to enhance the distribution grid with controllability and flexibility features, making
it a Smart Distribution Grid. Besides power converters that interface RES with the grid,
devices such a Flexible AC Transmission System (FACTS), Static Synchronous Compen-
sator (STATCOM), etc. are nowadays widely adopted (in recent times also in combination
with ESS) to improve the power quality and the voltage regulation of the grid. In this
context, a crucial component of the traditional distribution network is the Line Frequency
Transformer (LFT), which is responsible of galvanic isolation and voltage scaling between
different networks. Despite its high efficiency (which for oil-filled MVA transformers is
typically well above 99% for most of the load range [5]) and relatively long lifetime (around
30 years [5]), traditional LFTs lack of control and hence they are not suitable to be de-
ployed in the active network scenario described by Fig. 1.1b. Usually, the most standard
solution to provide a form of voltage regulation for LFT is the implementation of On Load
Tap Changers (OLTCs). However, they offer limited regulation range and poor dynamic
performances and also this solution cannot provide any sort of regulation on the power
flows, etc.

Therefore, being the transformer a key element of the network, its upgrade would
help to support and promote the network modernization process that is ongoing in recent
times. It is in light of this that the concept of Solid-State Transformer (SST) began to
spread and to be discussed as a promising solution in replacing the conventional LF'T
since the early 2000s [6-14]. Also known in literature as Electronic Transformer (ET) or
Power Electronic Transformer (PET), the SST technology originates as the advancement
of a traditional LFT through the implementation of power electronics devices. The idea
behind the SST is to achieve voltage conversion and galvanic isolation between two AC
lines through a High-Frequency Transformer (HFT), while the low-frequency input and
output ports are coupled to the HF'T via one or more cascaded power electronic converter
stages. Compared to conventional line-frequency transformers, an HFT can achieve re-
duced volume, weight, and cost, thus allowing for a fully modular, scalable, and compact
conversion system. In addition, the presence of controlled power electronics allows the
implementation of advanced and flexible control features and grid services, such as bidi-

rectional power flow, reactive power support, voltage regulation, harmonic compensation,
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bution grid based on the SST [4].

power factor correction, etc. [15]. Thus, in addition to voltage scaling and galvanic iso-
lation, a SST can provide volume, weight and costs reduction along with controllability
functionalities of voltage and current. This features allows the SST technology to be
promising and beneficial in a wide range of applications, such as traction, smart distri-
bution grid, AC/DC micro- or nanogrids and in emerging fields like data centers and
fast charging stations [5,16-20]. Fig. 1.2 shows the modernization process of the current
distribution grid by means of SST technology.

Recently, the latest evolution of the Smart Distribution Grid scenario brought to the
so-called concept of Internet of Energy (IoE), or Energy Internet (EI), which is now be-
ing actively discussed in the literature as the last paradigm shift for the evolution of
the current distribution system [12,21-23]. The goal in the IoE scenario is reshaping
the concept of Smart Distribution Grid into an intelligent and flexible active network,
both through a radical informatization process that involves the renewal of the grid com-

munication infrastructure and the addition of distributed monitoring points and via the
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Figure 1.3: The Energy Router Multi-Port Solid-State Transformer in the Internet of
Energy scenario: (a) DC distribution, (b) AC distribution [15].

implementation of advanced energy management and control functionalities to enable the
safe, robust, effective, and efficient integration of intermittent sources and loads. In this
context, the implementation of intelligence together with the communication and control
functionalities make the SST to act in the IoE scenario much like an Energy Router (ER).
As an Energy Router (ER), the SST allows plug-and-play access to the network, proper
integration of RESs, and the deployment of smart power dispatching and management
features [12,24,25|. For such a purpose, the ER-SST works effectively as an active node
of the distribution grid. To fully exploit its role within the modern grid, it should provide
multiple ports for the integration of various local sources and loads. This is because con-
necting multiple loads and sources to these types of SST configurations, a large number
of additional converters are required to properly interface with the available AC and/or
DC buses provided by the SST, drastically affecting the overall system efficiency and
reliability. For this purpose, to meet the demand of such IoE scenario, Multi-Port Solid-
State Transformer (MP-SST) represents the evolution of the SST technology, that fits
optimally in the ToE framework [21|. It represents an advancement in the SST technology

and enables the integration of RESs, DGs and ESS through suitably isolated ports within
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TRANSFORMER 7

one single adjustable, modular and compact configuration, thus minimizing the number
of components involved in the power conversion and increasing both the power density
and reliability of the whole system [15,18,23,25|.

In the next, the SST main applications, topologies and future developments will be

comprehensively presented and discussed.

1.1 The Early Developments of the Power Electronic
Transformer

The early concept of SST was firstly introduced by E. McMurray in 1968 with the US
patent “converter circuits having a high frequency link” [26]. The main goal of the pro-
posed topology was to introduce a power supply converter that was able to adjust the
output voltage while also reducing the volume and weight of the converter stage. This
was achieved by mean of a non-isolated topology incorporating a HF'T as Fig. 1.4a shows.
Later, in order to facilitate the commutation of at the time available semiconductors, i.e.
thyristors, a resonant variant of that topology was proposed in [27] as Fig. 1.4b shows.
The benefits of volume and weight reduction, more that the capability of the voltage
regulation, led years later to the first ever significant application that took advantage
of this concept, a Power Electronics Traction Transformer (PETT) for railways applica-
tion [14,28]. This is because many railways networks based on AC transmission work
at very low frequency, for instance 162/3 Hz in Switzerland [5, 28], in order to reduce the
inductive behavior of the AC network that is less dominant at low frequencies. McMur-
ray’s topology found then application in reducing the size of the traditional LFT that
was installed on locomotives. This is achieved since the magnetic components volume
and weight decrease as the working frequency is increased [29]|. This resulted in a lighter
and smaller on board traction transformer, which shows also higher power density and
efficiency hence being more competitive [14, 19, 28].

While the main advantages brought by the early SST prototypes where mostly at
hardware level (i.e. size and weight reduction), at the same time researchers began working
also on software level, i.e. on specific control architectures, to assess the feasibility of such

system for distribution/utility grid applications. Among many projects, the UNIFLEX-
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PM at first and later the FREEDM were two large ones that have investigated this
possibility [13,31].

The "Advanced Power Converters for Universal and Flexible Power Management in
Future Electricity Networks" project, namely UNIFLEX-PM, was a research project sup-
ported by the Furopean Community under the 6th Framework Programme aimed to
research and experimentally verify new innovative power conversion architectures for uni-
versal application in the future European electricity network. It successfully demon-
strated the possibility of a SST-based interconnected transmission network. On the other
hand, the " Future Renewable Electric Energy Delivery and Management System", namely

FREEDM, analyzed the features of plug-and-play of distributed renewable energy and in-
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tegration of distributed energy storage devices in the future electric power distribution
system by means of a SST. It was in this time that the EI concept was envisioned for
the future distribution network and matched with the SST technology [12,15]. These
advances in SST technology drew the attention of both academic and industrial commu-
nities, leading the Massachusetts Institute of Technology (MIT) to cite it as one of the
most emerging technologies in 2010 [16].

In more recent times, the development of more advanced control and communication
features demanded by the distribution grid modernization, resulted in a further evolu-
tion of SST concept, that is the Smart Transformer (ST) [32]. The efficiency, reliability
and advanced communication and functionalities are at the heart of the "The Highly
Efficient And Reliable Smart Transformer, a new Heart for the Electric Distribution Sys-
tem" project, namely HEART, founded by the European Research Council under the 7th
Framework Programme.

These relevant and interesting SST projects, along with the prototypes that has been

built, will be discuss in details in the following paragraphs.

1.2 Key Features of Solid-State Transformers

Over the past two decades, solid-state transformer technology has undergone significant
advancements, leading to the analysis and development of numerous topologies, systems,
and applications. The development of SST technology as core component of future smart
distribution grids has been the focus of several ongoing projects, in which the SST can
facilitate the integration of energy storage systems or renewable energy sources like Pho-
tovoltaic (PV), wind etc. into the grid, or it can control the power routing and make local
microgrid energy management easier.

Beside its role in smart distribution grids, SST has gather attention for its potential
applications in environments characterized by severe volume and weight restrictions. For
instance, traction applications have emerged as a prominent field of application for SST's
thanks to the benefits brought by the HFTs over the traditional bulky LFTs. As said
in the previous paragraph, in traction applications the employment of a SST enables

volume and weight reduction improving both power density and efficiency, which are key
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requirements for different traction manufacturers [5,14].
Based on the potential SST application fields, researchers have identified several key
characteristics that modern SST systems must provide in order to fulfill the applications

requirements. These common characteristics can be summarized as:

e Connection to MV: modern SSTs must interface with MV levels, whether AC or
DC. This is a direct consequence of the high power demand requested by current
SSTs applications such as traction or smart distribution grids. For this purpose,

SSTs must provide at least one MV connection port;

e Galvanic isolation and potential separation by means of HFT: as already pointed
out in this section, by increasing the operating frequency of a transformer (and, in
general, of any magnetic component) it is possible to reduce its volume and weight
without increasing the current density and/or the peak core magnetic flux (and thus
worsen the efficiency). Therefore, at the same power rating, an HFT is less bulky
and more efficient than the LFT one [5,29]. This can be seen by considering the
product of the transformer core area Acoe With the winding window area Ayqq as

follows [29]:

P 3 1
- — Vo (AcoreAwdg)? o< W; (1.1)

AcoreAwdg = m

V2

where V' is the transformer volume, & is the windings factor, J,,s is the Root Mean
Square (RMS) value of the windings current density, Binax is the peak value of the
core magnet flux and f is the working frequency. As can be noted from eq. (1.1),
the transformer total volume decreases with the increase of the working frequency f.
As aforementioned, this key characteristic is particularly significant in applications
characterized by space and weight constraints, such as traction systems. Recent
advancements in traction technology, including distributed propulsion and high-

speed trains, have further valued the significance of medium-frequency isolation in

SST design.

e Controllability: unlike conventional transformers, SSTs offer controllability func-
tionalities, enabling regulation of both input and output current and voltage wave-

forms, power flows and enabling advanced and ancillary services like power factor

10



1.3. MODERN SOLID-STATE TRANSFORMERS ARCHITECTURES 11

correction, reactive power compensation, frequency regulation, harmonics and dis-
turbances rejection, etc. These set of advanced control features are of particular
interest nowadays and find especially application in the smart distribution grid

field, allowing the proper integration of RESs and ESSs systems.

In light of these key characteristics, contemporary SSTs represent a paradigm shift in
power distribution system technology, playing a crucial role in shaping the future of

energy distribution and consumption.

1.3 Modern Solid-State Transformers Architectures

Several SST architectures are proposed and discussed in the literature as best candidates
to replace the traditional LF'T. However, the selection of the ST architecture is directly
impacted by system level requirement such as efficiency, redundancy, reliability and so on.
For instance, in case of distribution system applications, the main issue is the combined
effect due to the high penetration of RESs and DGs, such as solar and wind power [4,33].
Thus, in order to maintain power system stability and integrity, the SST should:

e Improve the distribution network power quality even in presence of unbalanced, non-
linear or perturbed loads, by ensuring symmetrical and balanced phase currents and

unity power factor;

e Avoid the propagation of faults and disturbances such as voltage sags, harmonics,

etc. towards the main power system by keeping them localized;

e Allows the direct connection to future MVDC power transmission and the integra-

tion of low voltage DC grid, ESSs, and RESs.

Fig. 1.5 provides an overview of the common SST's architectures based on the classification

presented in [8] and [34].

1.3.1 Single-Stage Topologies

The simplest configuration of a SST is represented by its single-stage topology, which

uses transformer isolation in conjunction with direct power conversion to step down HV

11
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Figure 1.5: Solid-state transformer architectures classification: (a) Single-Stage SST
topology; (b) and (c¢) Double-Stage SST topology with respectively MV and LV DC-
links; (d) Triple-Stage SST topology [15].

to LV. With no conduction or switching losses, this topology—which functions with direct
DC-DC or AC-AC power conversion stages—offers improved efficiency and dependability
over the three-stage SST topology. Electrolytic capacitors are not required because of
its high switching frequency operation. The direction and amount of power transfer in
this topology are controlled by the phase shift angle between the secondary and primary
bridges, allowing for bi-directional power flow with four-quadrant switches to improve
control strategy and manage harmonic content.

A small phase shift between the input and output voltages happens during steady-
state operation because of the characteristics of the load and output filter. In addition, the
output voltage maintains a constant ratio independent of the direction of the transformer

current and the polarity of the input voltage by following the sinusoidal waveform of
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Figure 1.6: Single-Stage SST topologies: (a) AC-AC full-bridge converter (b) AC-AC
Flyback converter [34].

the input voltage. A straightforward control mechanism to convert power into a high-
frequency square wave with a 50% duty cycle and rectify it to a sinusoidal waveform
on the LV side is shown by the AC-AC full-bridge converter shown in Fig. 1.6a. In
the meantime, Fig. 1.6b shows the flyback converter, which has few switches but is not
equipped with power factor correction in the DC-link and experiences voltage stress on
the switches. Because SSTs are designed to operate optimally at MV levels, 7.2 kV AC, for
example, multiple LV converters are connected in series to distribute power and voltage
in modular multilevel configurations. However, power and voltage balancing becomes
difficult in these systems due to their intricate configuration. Consequently, in order to
reduce system complexity and control schemes, a two-level approach is adopted within

the single-stage design.

1.3.2 Double-Stage Topologies

The main difference between a two-stage SST and a single-stage SST is the presence
of a DC-link, which can be placed on the LV or HV side. On the LV side of the AC-
DC converter, an uncontrolled rectifier can be used to change the bidirectional power
flow to unidirectional power flow. However, a lot of switching devices and a sophisticated
switching methodology are required for this topology. The two-stage SST has benefits like
reactive power compensation even though it increases system complexity. It is difficult
to maintain Zero-Voltage Switching (ZVS) over such a broad input range, which makes

the two-stage SST with an LVDC link inappropriate for HV operation. While renewable
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Figure 1.7: Double-Stage SST topologies: (a) AC-DC isolated boost converter (b) AC-DC
DAB converter [34].

applications in LV are limited by the lack of an LVDC link, this problem can be addressed
by converting HVDC to LVDC rather than LVAC. As an alternative, these issues can be
resolved with the three-stage SST topology. Recently, a novel three-phase, four-wire
output, AC-AC high-frequency matrix type SST was proposed [35]. In this design, the
utility source voltage is converted into 50% duty square wave pulses using Pulse-Width
Modulation (PWM). These pulses are then transmitted via a single-phase high-frequency
transformer. Numerous advantages come with this configuration: galvanic isolation, high
power density, controllable input power factor, flexible voltage transfer ratio, bidirectional
power flow, and high power density. Additionally, by utilizing modified three-dimensional
spaced vector PWM, the topology can lower harmonic distortion in both input and output

currents under unbalanced load conditions.

1.3.3 Triple-Stage Topologies

The advanced features of the triple-stage SST topology have made it more and more

popular in research. This SST offers optimized performance in both distribution and
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Figure 1.8: Three-Stage SST topologies: (a) AC-DC isolated boost converter (b) AC-DC
DAB converter [34].

transmission grids, in addition to its small size and light weight. These topologies include
two DC links, which can accommodate devices in the MV and LV domains and effectively
address Power Quality (PQ) issues. In particular, the three-stage topology works better in
terms of power factor control, protection, voltage regulation, and current limitation than
the single-stage and two-stage configurations. The integration of energy storage systems
and renewable energy sources has been made easier by the emergence of numerous SST
initiatives. Fig. 1.8 shows two different implementations of a three-stage SST. A minimum
of two power converters, such as an MV frequency converter and an LV converter, make
up the architecture of the three-stage SST. Three-stage SSTs, with their bidirectional
power flow that allows power to be transferred from LV to HV, were mainly developed
for smart grid applications before. Subsequent subsections provide more detail on each
stage’s distinct attributes.

Based on the power conversion stages classification, Table 1.1 summarizes the main
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capabilities and features supported by each SST topology presented before [18,34]. *

Table 1.1: Functional and regulation capabilities supported by the standard SST archi-

tectures defined in Fig. 1.5.

Functionality

Single-Stage

Double-Stage Triple-Stage

Bidirectional power flow

Input current limiting

Output current limiting

Input current Regulation
HVDC link regulation

LVDC link regulation

Input voltage sag ride through
Output voltage regulation
LVDC undervoltage protection
LVDC overvoltage protection
HVDC undervoltage protection
HVDC overvoltage protection
Modularity implementation
Reactive power support

Power factor correction

Frequency regulation

N/A

N/A

N/A
N/A
N/A

N/A

Simple

v v
v v
v v
v/ Y
N/A v/
4 L4
v/ L4
4 4
v v
v v
N/A v
N/A v
Hard Simple
v v
v v
v v

*Table legends: v/ = yes or poor; vV = good; VvV = very good; X = No; N/A = Not applicable.
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1.3.4 Additional Topology Classification

Another classification that can be made for SST-based systems is based on the modularity.
Based on that, SSTs can be classified in modular, non-modular or semi-modular [4]. When
interfacing a distribution grid, a MV level need to be handled by the system. In this case, a
common approach is to employ a modular solution by connecting several basic converters -
i.e. for example H-Bridges (FBs) - rated for lower voltage or currents. This brings several
advantages, like reduced voltage and current stresses on devices, scalability, redundancy,
the possibility to use standard, tested and well-estabilished components already available
on the market and the implementation of fault-tolerant strategies [4].

Therefore, when a modular structure is adopted, an additional common classification

based on the SSTs module connection is shown in Fig. 1.9 [16]. In this regard, defined a

O— 0=
SST cell LVAC HVAC SST cell LVAC
HVAC SST cell E E E SST cell E
SST cell| ! i |SSTeell| i
O] I — —
lSOP ll‘ol)

SST cell

HVAC SST cell HVAC

SST cell

ISOS

()

Figure 1.9: Solid-state transformer architectures classification based on the basic cells

connection: (a) ISOP connection; (b) IPOP connection; (¢) ISOS connection [16].
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base Power Electronic Bulding Block (PEBB) of the converter, which is the key element
that is replicated many times to build the full topology, it can be connected either in
series on in parallel with other PEBBs to cope respectively with voltage and current
system requirements as Fig. 1.9. This gives rise to three different possible connections,
namely Input-Series Output-Parallel (ISOP) connection required to handle MV levels at
the input and high currents at the output (load side), Input-Parallel Output-Parallel
(IPOP) connection required to handle a LV high power system and Input-Series Output-
Series (ISOS) connection needed to interface two HV systems. Note that the Input-Parallel
Output-Series (IPOS) is not mentioned here because it is equivalent to ISOP connection

and, also, is not common nor practical at all to interface a MV load to a LV grid.

1.4 Challenges and Future Trends

As outlined in this Paragraph, SSTs are power electronics-based advanced transformers
aimed to replace conventional bulky LFTs. Their primary benefits are that they decouple
the MV from the LV grid, offer galvanic isolation while also being scalable, modular,
controllable, and facilitating the effective integration of MV and LV AC and DC systems
[5,15,19]. However, they are more expensive due to their advanced capabilities and also
more complex, requiring more maintenance than conventional transformers.

However, in 1000 kVA class SSTs are considerably more expensive and less efficient
than typical LFTs used in distribution grids, leading to higher operating costs. While
SSTs offer full-range control of input and output voltages and currents, they are not well
suited for typical AC-AC grid applications due to efficiency challenges and compatibility
issues with existing LV AC grid protection infrastructure. However, they may find use in
niche applications where weight and space constraints are critical or where MVDC-LVDC
conversion is needed. In this context, the concept of hybrid transformers, which combine
power electronics devices and thus controllability features with traditional highly-efficient
and robust LFT, is highlighted as possible feasible solution until SSTs efficiency become
competitive with LFTs one (e.g. by means of Wide BandGap WBG devices) [5].

Development cycles for SST technology in traction applications span several decades,

with prospects for accelerated cycles due to increased experience and advanced design
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tools. In contrast, development cycles for grid applications are expected to be slower
due to the less established nature of power electronics in this context and the longevity
of existing infrastructure. Future research should focus on quantifying the system-level
benefits of SSTs in distribution grids and investigating active protection concepts for
both AC and DC grids. Despite current challenges, if efficiency and cost challenges can
be addressed, as already discussed in Section 1 SSTs could play a significant role in smart
grids as Multi-Port Energy Hubs and as key components in hybrid grids integrating AC
and DC technologies (i.e. MP-SSTs). However, fundamental questions remain regarding
the conceptual shift towards intelligent energy hubs and the balance of control tasks
in future grids. Increased collaboration between power electronics and power systems
engineers is essential to address the interdisciplinary challenges in designing future power
grids.

Based on the above, the concepts of hybrid transformers and MP-SSTs are worthy of

being discussed in more detail.

1.4.1 Hybrid Transformers

As evidenced by the successful deployment of voltage regulation distribution transformers,
there’s often a need for some level of controllability, although not necessarily the complete
control over voltages and currents achievable with SSTs. Consequently, hybrid transform-
ers—which combine a powerful and highly efficient LFTs with a power electronic converter
that can provide the required controllability without processing the bulk power—might be
a compelling solution. Hybrid transformers are LFTs that have active filters and/or inte-
grated series voltage compensators. There are several hybrid transformer configurations
available, including shunt or series connections between the power electronics converter
and the LV winding of the LFT. Fig. 1.10 shows the four standard configurations reported
in the existing literature. Flexibility is provided by these configurations, some of which
even permit active power exchange with the grid. For many uses, such as power factor
correction or harmonic filtering, this makes it possible to inject arbitrary voltages. In
contrast to SSTs, where the power electronic stage processes a significant portion of the
power, hybrid transformers have the power electronics stage handling only a small frac-

tion, minimizing overall losses. Furthermore, they keep compatibility with the current LV
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Figure 1.10: (a)-(d) Main series/shunt configurations of hybrid transformers [5, 36].
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Figure 1.11: (a) Parallel configuration of an LET and an SST [37]; (b) series configuration

of an LFT and an AC chopper and (c) realization option of an AC chopper [38].

grid protection strategies. Product development for high-efficiency reactive power support
and voltage control has already been accelerated by hybrid transformers.

An alternative method involves directly connecting an SST in parallel to an already-
existing LF'T. Fig. 1.11 shows these configurations. This approach improves controllabil-
ity and power transfer capacity without adding more short-circuit power to the system.
Alternately, voltage control and current limitation could be provided as needed by an AC

chopper and LFT configured in series.

1.4.2 The MultiPort (MP) evolution of the SSTs

Early versions of SSTs proposed in the literature have been developed based on a two-
port architecture [16,18]. However, in order to connect multiple loads and sources to
these types of SST configurations, a large number of additional converters are required to
properly interface with the available AC and/or DC buses provided by the SST, drasti-
cally affecting the overall system efficiency and reliability. On the contrary, the concept

of MP-SST fits optimally in the IoE framework [21]. It represents an advancement in
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the SST technology and enables the integration of RES, DGs and ESSs through suitably
isolated ports within one single adjustable, modular and compact configuration, thus min-
imizing the number of components involved in the power conversion and increasing both
the power density and reliability of the whole system [18,23,39]. As an extended version
of the common two-ports SST, the MP-SST shares the same basic core structure. Ac-
cording to the definition of SST, all of them share the same concept of isolated AC-AC
high-frequency conversion. In recent years, MP-SSTs have been introduced in different
industrial applications, including railway electric traction, EV chargers and vehicle-to-grid
technology, distributed generation, and DC power distribution, among others. Much re-
search and many innovative works have been presented in the literature concerning these
topologies. As an extension of the standard two-port SST, the MP-SST also provides
isolation between its input and output sides, namely the MV side and the LV side. How-
ever, isolation may not be guaranteed between all LV side ports, depending on the chosen
MP-SST topology. In the literature, most of the proposed MP-SSTs belong to either
the three- or four-port topologies. SSTs with more than four ports are intrinsically quite
complex systems that have only been introduced recently; thus, laboratory prototypes are
still hard to find. Based on the level of isolation between their ports, MP-SSTs can be
broadly grouped into two main categories, namely partially or fully isolated. In partially
isolated topologies, the number of connected sources is larger than the number of avail-
able transformer windings. As a consequence, multiple sources are connected to a single
transformer winding on the LV side sharing a common ground and, therefore, the related
ports are not galvanically isolated one from each other but only from the MV side [39].
Partially isolated solutions can provide higher efficiency with fewer components, although
providing a connection to the same transformer winding to sources and loads with differ-
ent voltage levels is not obvious in practice [39]. In this case, the integration of multiple
sources with the LV bus is frequently achieved through additional non-isolated DC-DC
converters. When the voltage ratings of these DC-DC converters are not consistent with
the LV bus voltage or galvanic isolation is required, this solution is not feasible [22,40].
In fully isolated MP-SST's, each source is connected to the system through a dedicated
winding of the HFT. Each converter port is then galvanically isolated from the others

both on the LV and LV sides and the appropriate voltage level required by each port can
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be obtained by properly adjusting the transformer turn ratio. In this section, most of
the MP-SST topologies discussed in the literature so far have been analyzed and, then,
classified according to their isolation capabilities and the configuration of their various
conversion stages. For the clarity of reading, this section is structured as follows. First,
partially isolated MP-SSTs are discussed, followed by fully isolated architectures. As
stated in the introduction, non-isolated topologies can also be found in the literature and

will be discussed together with other special configurations.

Partially Isolated MP-SSTs topologies

One of the most common partially isolated MP-SST configurations reported in the liter-
ature is a three-port SST that integrates the additional ports on the LVDC links. The
concept of the three-port SST arises in the framework of multiple DC sources connected
to the grid, such as in the case of PV and energy storage integration. This topology
enables an LVDC link for the integration of such sources. The LVDC link can be de-
rived either by the LV port of the DC-DC stage of the SST or by a dedicated winding
of the HF'T, resulting in a partially isolated or a fully isolated SST, respectively. In the
literature, the partially isolated topology, generally based on the DAB converter, is the
most commonly used three-port SST configuration. However, its application is unfea-
sible when the voltage ratings of the non-isolated converters connected to the same LV
bus are highly different or when isolation is required between each LV port [22,41,42].
The popular FREEDM Gen-1 silicon-based SST is an example of this type of configura-
tion [12,24,42|. The FREEDM Gen-1 SST, a project supported by the ERC Program
of the National Science Foundation, consists of a 20 kVA single-phase three-port SST
prototype designed to operate with a 7.2 kV primary voltage providing a 120/240 V AC
port for utility applications and a 400 V DC port for RES and DG integration. The
converter topology is reported in Fig. 1.12. The MP-SST configuration adopted for the
FREEDM converter is commonly referred to as ISOP. It relies on a CHB converter as the
input rectifier stage and on a DAB converter as the isolated DC-DC stage. The output
LV ports are derived from the LVDC bus; thus, they are isolated from the MV input side
but not from each other. A three-phase version of this configuration was presented in [43]

alongside with some considerations of the control system and experimental results. The
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CHB converter represents a good candidate for the multi-level AC-DC stage of the SST,
due to its modularity and simplicity. It can provide LVDC, LVAC, and MVAC ports, but
no MVDC port can be derived due to the lack of a common DC bus. For this reason,
CHB-based MP-SSTs are not suitable for hybrid AC/DC distribution systems [44, 45].
On the contrary, MMC-based MP-SSTs inherently enable a four-port converter structure
providing both MVAC and MVDC ports for the hybrid distribution system integration,
in addition to the LVAC and LVDC ports typically required in utility applications. De-
spite its flexibility, the MMC-based MP-SST is usually a partially isolated topology due
to the natural configuration of the MMC converter, which provides a direct non-isolated
connection between the MVAC port and the MVDC bus. Fig. 1.13 shows a partially
isolated four-port MMC-based SST able to provide low- and medium-voltage connections
in both DC and AC. As can be observed in the figure, the MV ports are isolated from the
LV ones, but not each other. In [46], some simple three-port MMC-based SST topologies
providing an isolated LVDC port are discussed. In [45], an in-depth comparison between
CHB- and MMC-based MP-SST configurations is carried out highlighting the benefits and
drawbacks of both topologies. It has been shown that the advantage of the MVDC port
enabled by the MMC converter is achieved at the price of a larger number of components
and higher device ratings. In fact, to support the same voltage level of a CHB-based

MP-SST, the MMC-based solution requires four times the number of cells in comparison
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Figure 1.12: FREEDM Gen-1 SST topology [15].
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to the CHB-based one. If the common MMC configuration is used, i.e., half-bridge cells,
then the number of devices required by the MMC is two times the CHB. Furthermore,
the MMC flexibility that allows the coupling of multiple ports leads to a considerably
different amount of power that the cells and the power devices must handle compared to
the CHB-based solution. This results in a higher rating of the converter devices. The
authors of [44] have discussed three basic MMC-based MP-SST configurations providing
four-port connection capability. Such topologies are partially isolated, as MV ports and
LV ports are not isolated each other, but galvanic isolation is provided only between MV
and LV sides. The isolated DC-DC stage is provided by a DAB converter. The MMC-
based MP-SST configurations differ from each other only in the interconnection of the
basic building blocks. In particular, the topologies investigated in [44] include an ISOS
and an ISOP cell-to-cell connected MMCs. In a further configuration, the building blocks
still employ an ISOP connection, but one of the MMCs is replaced with a different topol-
ogy (e.g., a two-level or a neutral-point-clamped inverter). The authors of [47,48] have
illustrated the MV prototype of an MMC-based four-port SSTs. Acting as an ER, the
proposed 10-kVAC 750-VDC converter takes advantage of MMC flexibility to interface
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Figure 1.13: Four-port MMC-based MP-SST [15].
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MV and LV grids. The discussed topology achieves galvanic isolation through HFTs and
the DC-DC modules are ISOP-connected. In [49], an MMC-based MP-SST using an L.C
resonant circuit and HFT in replacement of the DAB converter has been proposed. A
resonant tank is connected in parallel with each arm of the MMC, across which a medium
frequency voltage is generated through a mixed-frequency modulation technique. The res-
onant tanks, together with the HF T, impose the isolation barrier among the MV and LV
ports. The proposed configuration achieves the power flow between MV and LV side with
only three conversion stages (instead of four as in standard DAB-based solutions), thus
reducing the converter size and improving the system efficiency. As an optimization of
such a topology, in [49], the number of HF'Ts is reduced to only two by employing a shared
configuration of the resonant tanks. Furthermore, the degrees of freedom and flexibility
of the MMC allow for a further reduction of the number of conversion stages between
the MV and LV ports as reported in [50,51], where only two power conversion stages are
employed. The main drawbacks of these topologies are the absence of a MVDC port for
hybrid AC/DC distribution systems and the requirement of H-bridge-based MMC cells
to generate the high-frequency voltage waveform for the transformer windings. Finally,
in [52] the authors have proposed an MMC-based MP-SST in which the galvanic isola-
tion between MV and LV ports is achieved through a Quadruple Active Bridge (QAB)
converter, a four-port isolated DC-DC converter featuring a multi-winding HFT. Further
details about the QAB converter will be given in the next section, where a case study
is discussed directly involving this topology. The QAB converter couples together three
submodules of the MMC (one per phase) with the LVDC link. Such a solution, along
with its dedicated control strategy, is able to achieve a better distribution of the power

flow among the three phases of the MP-SST.

Fully Isolated MP-SSTs topologies

As in the case of partially isolated architectures, also for fully isolated MP-SSTs, the
most common configurations are the three- and four-port SSTs. Fully isolated versions
of the three-port SST can be found in the literature based on essentially two different
approaches, either by means of a three-port isolated DC-DC converter based on the Triple
Active Bridge (TAB) topology, which is an extended version of the DAB converter with
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a three-winding transformer, or by employing other isolated DC-DC topologies together
with a series or parallel connection of the MP-SST building blocks that ensures the mutual
isolation of any of the ports. In the first case, the MP-SST relies on the TAB converter
as the core isolating stage [53]. A proper control system should be provided when multi-
winding DC-DC converters are employed. First, since the power delivered by one bridge
depends on the phase-shifts of the other two bridges, the power flow of the converter
should be decoupled in order to obtain a power equation for each port independently
from the others. Furthermore, as explained in [14|, when the converter ports operate
at voltage levels that are highly different, large circulating currents will flow in the TAB
converter, leading to important conduction losses and, in some cases, even to the loss of the
soft-switching features. Thus, a control system based on both phase-shift and duty-cycle
variations should be adopted for this converter to optimize dynamics and efficiency. In case
the isolation is achieved through a dedicated converter building blocks interconnection,
one suitable MP-SST configuration that ensures isolation between all ports consists of
an ISOS connection of the circuit building blocks and the DAB converter as the core
isolation component. As an example of this configuration, one of the major converter
designs known in literature is the UNIFLEX SST project, supported and promoted by
the European Community under the 6th Framework Programme [13]. The UNIFLEX
topology is depicted in Fig. 1.14. It consists of a three-port 300-kVA SST designed for the
future electricity network with the purpose to interface two 3.3-kV AC grids with a 415-V
AC grid. This configuration provides a fully modular and scalable converter. The control
system of the DC-DC stage is less sophisticated compared to the TAB-based topology as it
consists of the DAB converter and, thus, the power cross-coupling consideration is avoided.
However, in this system, the power flow among the output ports, referred to in [54| as
Port 2 and Port 3, is not direct, since those two ports can only exchange power between
them through coupling with Port 1. Two different configurations of an isolated SST
topology based on the CHB and DAB converters are proposed to achieve a lower number of
conversion stages between the ports. The proposed solutions provide better efficiency and
the downsizing of the LV feeders, compared to the commonly adopted topology reported
in [14]. Regardless of the partially or fully isolation class, it is important to report that the

QAB converter has also been tested as a possible feasible basic cell for a three-port SST.
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This is because a generic n-winding isolated DC-DC converter can be connected to less
than n different ports. In this case, any port is coupled with the others through more than
one winding, since the QAB converter provides a flexible connection and can be connected
either in a symmetrical or in an asymmetrical way, providing different solutions to the
voltage and power level for the isolating stage of the converter. Beside three-port SSTs,
the majority of MP-SSTs are basically four-port SST converters. This topology has been
introduced mainly through the development of the aforementioned QAB converter, an
isolated DC-DC converter developed as an extension of the DAB converter and belonging
to the Multi Active Bridge (MAB) topologies [40], in which multi-winding HFT are used.
As depicted in Fig. 1.15, it is made of four active bridges; thus, it provides a connection
to four isolated sources. The major benefit brought by the QAB converter in a multi-
port architecture is the reduced number of transformer cores and modules, and thus,
less encumbrance compared to a DAB-based MP-SST, while still preserving the same
advantages. Furthermore, it provides modularity, scalability, high power density, and also
additional degrees of freedom in the converter connection ports [40]. Thus, the standard
fully isolated four-port SST topology, which can be found in the literature, relies on
the QAB converter. The very first QAB-based four-port SST was developed in [40],
for ESS and DG integration. The paper highlights the benefits of a QAB-based MP-
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Figure 1.14: Single-phase representation of the UNIFLEX-PM SST topology [15].
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SST structure, providing an average model used to properly design the converter control
system. In fact, as also reported in [55] and mentioned above for the TAB converter, the
power delivered by one port depends on the phase angle of the other three ports. This
cross-coupling characteristic needs to be taken into account when designing the control
system of the QAB converter. A linearization around a nominal operating point is needed
to decouple the power equation for each port. Through this procedure, it is possible to
obtain a better dynamic performance of the converter. The experimental results reported
in both [40,55| provide a validation of the theory. The authors of [23] pointed out that in a
QAB system there are some operating modes characterized by high phase-shift values that
produce large reactive currents. It was mentioned that even under light-load conditions
the phase-shift control of the converter produces high circulating currents. Thus, the
authors propose a new control strategy, designed as a combination of phase-shift and
duty-cycle control to ensure both the power balance among the ports and the desired
output voltage. In general, considering an [oE scenario with intermittent DERs, DG, and
storage, [56] suggests a Multi-Input-Multi-Output (MIMO) control scheme to meet all the
operating modes discussed in the article. It is worth pointing out that the major issues
with QAB-based SSTs are the complexity of the control system and the manufacturing

of the multi-winding transformer. In particular, the latter has been discussed in several
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Figure 1.15: Quadruple-Active-Bridge converter topology [15].
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papers. In [57]], the operating principle of a SiC-based QAB converter for fast charging
station application has been discussed, together with the design procedure of the HF'T and
the selection criteria of the power devices. The authors of [58]] discussed the HFT design
for a QAB-based SST for microgrids, considering one port of the converter as having a
MV rating. Through Finite Element Analysis, the HF'T have shown 99.7 efficiency; some
preliminary laboratory results are also given. To avoid the use of a multi-winding HF'T,
the authors of [47] proposed a megawatt-level high-frequency bus-based four-port SST,
which relies on the so-called Modular-MAB (M-MAB). The proposed topology presents
mutual isolation, mutual independence among different ports and a modular structure.
Despite its benefits, the topology has as a drawback that the control strategy is complex
due to the high-frequency bus, which may easily propagate a disturbance occurring at one
of the ports to the others. MMC-based, fully isolated SST architectures have also been
proposed in the literature. As discussed in the previous subsection, the MMC structure
is inherently a partially isolated topology; however, in some cases, the MVDC port is
used as a grid or load interface and the MVAC one is not directly accessible since it is
employed as a coupling interface with other converters. This is for example the case of
isolated multi-port DC-DC converters acting as DC hub. Nowadays, the High Voltage
Direct Current (HVDC) technology is becoming more popular. As for traditional AC
lines, even for DC distribution systems, there is a need for an intelligent and flexible
multi-port DC-DC converter that interconnects and manages DC sources and loads acting
as a DC energy router. The MMC converter fits optimally as a DC-AC interface that
provides an AC-link, through which an HFT is connected to achieve isolation between
all the DC ports, as pointed out in [59]]. In this paper, the authors have presented
a review of different topologies suitable for DC hub converter applications. The MMC-
based one has been identified as the most promising and a three-port MMC-based DC hub
is considered as a case study. In [60]], two parallel-connected MMC have been proposed
to build a three-port DC hub; this solution, known as bifurcate MMC, avoids the use of
a multi-winding transformer. The authors of [61]] investigated the MMC-based MP DC-
DC converter as a truly modular HV DC-DC converter, built with multiple submodules
that can be controlled individually through decentralized controllers, thus allowing the

easy reconfiguration of the power converter circuit for different DC applications. Finally,
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in [62]] a fully isolated four-MV-port SST based on MMC and MAB converters was
proposed for the HVAC distribution architecture. Such a solution acts as an ER in a
HVAC distribution system scenario and provides isolation between all the AC ports. It is
worth noticing that a MVDC port could be derived from each AC interface; however, in
this case, the topology becomes a partially isolated one, since there is no isolation between

the DC and the respective AC ports.

Other topologies

As discussed previously, the most common MP-SST configurations are three- or four-port
based, while generic n-port topologies, with n greater than four, are uncommon due to
complexity in design and control. A n-port SST based on the MAB architecture comprises
n full bridges coupled together through a n-winding HF'T. It enables the isolated intercon-
nection of multiple sources and loads at different voltage levels through the adjustment
of the HFT turn ratios, achieving a high-power density conversion in a single system [40].
The limitation on the number of ports of a MP-SST is usually dictated, as for the QAB
converter, by the complexity of the control system and by the HFT magnetic core de-
sign [40,47|. Beside the ideal design based on a n-winding HFT, the n-port SST can be
built through the proper interconnection of the isolated DC-DC converter outputs, regard-
less of the partially or fully isolation approach, as stated for the other MP-SST topologies.
To the authors’ best knowledge, in the literature, only [21] presented n-port SST, which
is a nine-port ER in a LV smart grid scenario. In the article, the authors highlighted
two converter variants and provided the circuit parameter design and the adopted control
strategy, which is based on an energy management system. Experimental results on the
two Multiple Energy Router prototypes validated the analysis. Beyond that, in [63]],
further direct AC-AC MMC-based topologies that fit quite well as ERs are discussed. In
particular, the Hexagonal MMC and the Ring-Star MMC provide connection to a multiple
number of ports and phases realizing a modular active node converter. However, these
topologies are direct AC-AC converters, and therefore, they do not provide any kind of
galvanic isolation between ports; thus, the basic concept beyond the SST decays. Still,

those topologies are quite interesting and deserves further investigation as ER concept.
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1.5 Aims and Contributions of the Thesis

Considering what discussed in the previous sections, the aim of this thesis is to contribute
to the detailed modeling, control and stability analysis of SST technology for smart distri-
bution grid applications. Moreover, the starting point of the work was the UNIFLEX-PM
converter topology. Thus, based on the current SSTs state of the art, the main contri-
butions of this thesis aim to fill the research gaps related to the control aspects and the
stability issues of such complex topology. Specifically, the key contribution of this thesis

are summarized as follows:

e SST topologies: the thesis first presents a comprehensive literature review of
the current SST topologies presented in the literature and the existing prototypes.
Current trends and future developments, such as hybrid transformers or MP-SSTs,

are highlighted.

e Three-phase triple-stage SST: after a brief introduction on the SST topology
object of this work, a mathematical averaged model of the converter is derivated
both for speeding up the simulations and, especially, for design the control system

of the whole converter.

e SST control architectures: considering the smart distribution grid scenario of
[13], the control functionalities and capabilities required are underlined. Then,
common control architectures and features of SST systems are discussed. In this
context, to ensure the proper operation of the SST, a cluster and local voltage

balancing algorithms are developed in this work.

e SST stability analysis: the main research gap covered by this thesis is the stability
analysis of three-phase triple-stage SST topology considered here. An overview of
stability techniques and tools is presented. Then, based on the impedance model
methodology, both DC-link and the grid connection stability issues of the SST are
evaluated and discussed. The outcome of this analysis reveals that the the direction
of the power flow and the low voltage operating modes can compromise the system

stability. Furthermore, it is shown that the effect of the dc-dc converter on the grid
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connection stability enhance the low-frequency SST stability margin. Based on that

analysis, a stability-oriented design of the control system can be performed.

e SST prototype: lastly, the aim of this work was to build a down-scaled laboratory
prototype of the converter. The SST demonstrator ratings are defined and the
passive components selection is presented in this work. Out of that, the base PEBB
board is designed and the PCB layout is developed by means of the software Altium
Designer, along with the gate driver boards. Finally, the experimental results show
the proper operation of PEBB. The connection of several modules allows to build

the final prototype.

1.6 OQOutline of the Thesis

According to the goals and contributions mentioned, this thesis is structured as follow:

e In Chapter 2, the UNIFLEX-PM converter, which constitutes the starting point of
this thesis, is reviewed with respect to the current available topologies. The MV AC-
DC stage is discussed and a comparison between two well-known topologies, i.e. the
MMC and CHB converters, is presented. Design rules are also highlighted. As for
the AC-DC stage, also the DC-DC isolation stage, i.e. the DAB converter originally
implemented on the UNIFLEX-PM, is introduced and its choice is motivated. These
results allow to confirm the UNIFLEX-PM topology as suitable SST architecture

for the future IoE scenario;

e Chapter 3 presents the modeling of the whole SST system. The CHB average and
small-signal models are presented, both for the natural reference frame and for
the synchronous reference frame. As for the CHB, the DAB small-signal model is
also provided. Thereafter, the SST control architecture is presented. Special focus
is posed on the CHB DC-link balancing control system, which for a three-phase
topology consists of a three-layer regulation system. Finally, simulation results

verify the validity of the proposed SST model;

e In Chapter 4, the stability assessment of the SST is finally presented, from both DC-

bus and grid-connection point of view. In the first case, through the dg small-signal

32



1.7. LIST OF PUBLICATIONS 33

SST model, the DC-bus impedance model of the SST is derived. Then, DC-link
stability is assessed via Middlebrook’s stability criterion. In the second case, the
SST dq impedance seen at its AC terminals is derived. The, the input impedance
matrix properties are discussed in terms of their passivity. Furthermore, a simplified

expression for the d-axis impedance is derived.

e In Chapter 5, the design of the modular SST structure under investigation is pre-
sented. In particular, the topology which consists of two H-Bridges interfaced via
a DC-link is chosen as basic building block. The component selection is discussed
and both power and gate driver PCB boards are designed. Ultimately, open-loop
test verified the proper operation of the B2B-PM under both no-load and light-load

conditions.

e Finally, this thesis concludes with Chapter 6, where the main contributions and

findings of the thesis are summarized.
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Energies, 15(7), 2604;

Conference Papers

[C1] Granata, S., Leuzzi, R., Tresca, G., Bassi, E., Benzi, F. and Zanchetta, P., 2022,
October. "Stability Assessment Study for a Triple-Stage Three-Phase Solid-State
Transformer". In 2022 IEEE Energy Conversion Congress and Ezxposition (ECCE)
(pp. 1-8). IEEE;
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Chapter 2

Topology Selection and System Design:
The UNIFLEX-PM Case Study

In the electric distribution system, the SST plays a crucial role in connecting different
grids, whether they are MV or LV, providing galvanic isolation through a HFT. The
variety of voltage and power levels involved in the SST architecture design presents sig-
nificant challenges. Additionally, the selection of the optimal power converter topology
and system specifications adds complexity to achieving an optimal design. Typically, the
design process involves customizing the power converter to meet specific grid specifica-
tions, which limits its applicability to a particular country. For instance, an SST designed
for use in Europe may not be suitable for installation in the USA due to differing require-
ments. This variation in applications necessitates different designs, further complicating
the task. To address the need for multiple designs required by different SST applications,
a modular approach can be adopted to allow for power and voltage scalability. Modules
are designed once and then combined according to grid specifications to create the com-
plete SST structure, providing flexibility and scalability. Some key design parameters for
SSTs, from both system and converter levels depending on the specific application, can be
the number of submodules, semiconductors selection, redundancy capability, modularity
level, etc as shown in Fig. 2.1. Some of these are interconnected, such as the number of
modules and semiconductor voltage rating. Therefore, a careful trade-off between these
parameters must be considered during the SST design process. The proper selection of

these parameters determines the functionality, efficiency, cost, reliability, and flexibility
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Figure 2.1: Overview of the main SST design parameters and requirements, from both

converter and system level [4].

of the SST.

Moreover, in the early stages of its design process, the SST conceptualization is crucial
since it shapes and constrains later stages of the process. The availability of the DC link
for both MV and LV interfaces is an important aspect that defines the SST architecture in
terms of number of conversion stages (single-, double- or triple-stage). In this regard, the
modular triple-stage architecture provides enough adaptability to support one, two, or no
connections to DC links based on the power converters topologies and PEBB connection
(ISOP, IPOP or ISOS configuration) [4,15]. The inherent flexibility of the triple-stage SST
topology is the reason why this architecture is the most widespread among the possible
solutions highlighted in Section 1.3. In this context, the availability of the LV DC-link (i.e.
LVDC link) is the most adopted solution when the SST serves as an interface between the
distribution network and a local grid, enabling a microgrid scenario [4]. More recently,
the rise in MV DC loads such as EV fast charging stations drove to a growing interest in
the MV DC link (i.e. MVDC link) availability [4].

As mentioned earlier, the work developed in this thesis is a prosecution of the previous
analysis carried out under the 6" Framework Programme supported by the European
Community, which led to the conception, construction and test of the UNIFLEX-PM
converter [13]. Therefore, the starting-point topology considered in this work is a triple-
stage three-phase SST, as it is the UNIFLEX-PM. To work as an active node of the
grid, i.e. an intelligent ER, the UNIFLEX-PM converter was meant to interface two MV
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distribution grids and a LV utility grid, eventually providing the availability of LVDC
links for future integration of DC loads. These assumptions led to the choice of an ISOS
connection of the UNIFLEX-PM PEBBs, resulting in a multilevel structure at the external
interfaces of the converter, providing MVAC connection capability. At the inner core of
the converter, each isolated single-phase DC-DC converter was responsible for linking the
upstream and downstream DC links, creating galvanic isolation between them. Depending
on these considerations and requirements, the UNIFLEX-PM configuration was a triple-
stage three-phase SST configuration based on the CHB and DAB topologies [13,15].
This chapter introduces the SST topology under investigation. i.e. the UNIFLEX-PM
converter, presenting, motivating and discussing the selection of the power conversion
topologies suitable for each conversion stage of the converter. Moreover, the design of
the SST ratings and passive components is shown, with the purpose of rounding off the
SST topology design prior to present the control system design. Note that, from now on
in this thesis, the term SST will be used referring to only Smart Grid applications, thus

assuming and taking for granted a grid-connected system at distribution (i.e. MV) level.

2.1 The UNIFLEX-PM Project

2.1.1 System Description

As introduced in Section 1.2, as one of the first approaches, the three-port UNIFLEX-PM
system aims to provide a universal, flexible and modular power electronic interface that
can link various sources and loads, such as MV distribution networks, RES, DGs and
ESSs, without the need for bulky line frequency transformers [13,64]. To directly handle
the MV connection, the system comprises two AC-DC conversion stages based on the
series connection of multiple HBs, realizing the well-known multilevel multicellular CHB
topology. Furthermore, to guarantee galvanic isolation between the AC terminals while
also reducing the system size, an isolated DC-DC converter based on HF'T is implemented,
i.e. the DAB converter. Fig. 2.2a shows the three-port UNIFLEX-PM concept, in which
Port 1 (in blue) and Port 2 (in orange) are connected to MVAC buses, while Port 3
interfaces a LVAC utility grid. As said before, the floating DC buses provide a possible

LVDC connection for future integration of DC loads. The converter is based on a per-phase
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Figure 2.2: UNIFLEX-PM converter structure: (a) per-phase representation; (b) concep-
tual schematic of a single AC-DC-AC PEBB |[15].

modular cascaded architecture, using four identical modules per phase. The single module,
i.e. the basic PEBB whose conceptual schematic is shown in Fig. 2.2b, is composed of
an isolated bidirectional AC-DC-AC multi-stage converter. Using the modular PEBB
approach, many possible future implementations are possible [4,30]. As aforementioned,
in the case of the UNIFLEX-PM structure considered in Fig. 2.2a, PEBBs are connected
in ISOS configuration, realizing a triple-stage three-phase ISOS SST architecture.

With reference to Fig. 2.2, a nine-level CHB converter has been used to interface the
MYV line on Port 1, while Port 2 interfaces the other MV network through a seven-level
CHB converter. A single HB per phase is used for LV connection of Port 3. On the
DC side, each HB on Port 1 is connected via DAB converter to another HB on Port 2

or Port 3, realizing an HF isolation barrier among the three ports. Figure 2.3 shows an
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Figure 2.3: Example of UNIFLEX-PM concept connecting three electricity systems to-
gether [13].

application example of a three-port UNIFLEX-PM system [13].

2.1.2 Basic Functionalities

Depending on the control system implemented for each port, the UNIFLEX-PM can
perform several tasks. With standard control structures (e.g. synchronous reference frame

control, etc.), the following basic functionalities can be implemented for such system [64]:
e Voltage ratio adjustment: the voltage at each port can be controlled independently;

e Frequency regulation: each port can operate at different frequencies, allowing the

interconnection of asynchronous distribution systems;
e Phase control: the voltage phase angle can be controlled for each port;

e Voltage asymmetry cancellation: one or more converter ports can operate with
unbalanced grid conditions while maintaining a balanced operation for the remaining

ones;

e Asymmetric load cancellation: even if one or more ports are operating with un-
balanced loads (unbalanced currents), the others can still operate in a balanced

condition;
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e Active and reactive power regulation: the active and reactive powers at each port
can be regulate independently and simultaneously, allowing grid features like power

balancing and voltage support;

e Power factor correction: being capable of controlling independently both active and

reactive power at each port, the power factor can be thus adjusted as required;

e Harmonic cancellation: a complete decoupling of ports in terms of harmonics can

be obtained, for both voltages and currents;

e Low Voltage Ride-Through (LVRT) capability: the UNIFLEX-PM system can still
operate under low-voltage conditions (e.g. during transients, load disconnections,

etc.), providing voltage support capabilities.

2.1.3 Limitations and Unresolved Issues

The UNIFLEX-PM converter is expected to control the power flow between the three
ports at any power factor. However, in [65], a detailed analysis has pointed out some
constraints on the power flow capability. In particular, managing the power flow at

Port 1 would be more challenging compared to Port 2 and 3 as Port 1 is simultaneously
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Figure 2.4: Active power operating zones and limitation on Port 2 and 3 [65].
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exchanging power with Port 2 and 3. This comes from voltage restrictions at Port 1 [65].
As can be seen in Fig. 2.4, the operating areas are divided into four zones according to the
active power on Port 2 and 3. The red and green lines represent the active power limits
on Port 2 and Port 3, beyond which a unity power factor operation cannot be reached.
In operating areas A and D, no reactive power on Port 1 is required, while in areas B
and C, a certain amount of reactive power is needed to ensure the power balance. This
means that would be impossible to achieve unity power factor at Port 1 in some operating
modes. In addition, from the performance perspective, the UNIFLEX-PM topology is not
optimized in terms of efficiency when exchanging power between Port 2 and 3. This is
because, with such topology, the power flow between Port 2 and 3 is never direct but it
always transits through Port 1. Therefore, as the number of conversion stages involved
is greater, exchanging power between Port 2 and 3 is less efficient than doing it between
Port 1 and 2 and Port 1 and 3.

Further key aspects that deserve a more in-depth analysis were already mentioned
in Chapter 1 and represent the motivation of this thesis, i.e. the development of a syn-
chronous reference frame control for the converter, eventually expandable to the three-port
configuration, and especially the modeling and stability analysis of the closed-loop con-
verter dynamics and interactions amongst different conversion stages (e.g. the DAB and
CHB converters) and with the grid.

In the next Sections, the topology selection for each conversion stage of the UNIFLEX-
based SST will be discussed in detail, along with the system parameters design (i.e. DC
bus capacitance, filter inductance, etc.). Finally, based on the topologies review, the

selected SST architecture object of this research work is presented.

2.2 AC-DC Rectifier Stage: Power Converter Topolo-
gies Suitable for MV Connection

The AC-DC stage interfaces the SST to the MV distribution grid, being responsible for
managing the active and reactive power drawn from the network and controlling the volt-
age at its DC side (i.e. at the input terminals of the DC-DC stage). Therefore, through
a dedicated control system, the MV AC-DC stage works as an Active Front-End (AFE)
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Figure 2.5: Modular multicellular power converters topologies suitable for the MV AC-DC
stage implementation: (a) Modular Multilevel Converter [72] (MMC) and (b) Cascaded
H-Bridge (CHB) Converter [73].

rectifier [4,15,16,30,31]. Also, through the control, it is capable of providing ancillary
services (e.g. reactive power generation) supporting the grid operation. When dealing
with the MV level, multilevel topologies are the most logical and advantageous choice
for implementing such MV stage as the system is then fully modular, scalable, and reli-
able [66-71]. When adopting the modular approach at MV levels, the options are limited
to two power converter topologies: the Modular Multilevel Converter (MMC) |72] and the
Cascaded H-Bridge (CHB) converter [73]. Figures 2.5a and 2.5b present the MMC and
CHB topologies. They share advanced features such as reduced filter size due to the low
Total Harmonic Distortion (THD) of the voltage waveform produced, reduced switching
frequency (and thus reduced switching losses) still maintaining the voltage harmonic con-
tent low, reduced submodule blocking voltage allowing the installation of well-established
semiconductor devices, modularity, and scalability in both voltage and power. This en-
ables their application in various locations with different grid specifications without major

changes in the design of the basic module. These converters belong to the same family of
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converters referred to as Modular Multilevel Cascaded Converter (MMCC) [74]. In the
case of the MMC of Fig. 2.5a, submodules are usually realized either with Full Bridge
(FB) or FB topologies (the first is the most commonly adopted solution). Moreover, the
MMC topology represented in Fig. 2.5a is also, and even more appropriately, known as
Double-Star Chopper-Cell (DSCC) because the upper arms are connected in star, as well
as the lower arms, resulting in two stars connection [74]. On the other hand, the CHB
converter of Fig. 2.5b is also known as Single-Star Bridge-Cell (SSBC) due to its unique
start connection of the phases [74|. Despite the interesting terminology proposed by Ak-
agi [74], in this work these topologies are referred to as MMC and CHB, respectively,
due to the widespread acceptance of this nomenclature. In the next, both converters are
briefly described and analyzed, motivating the selection of one or the other (the CHB in
the case of the UNIFLEX-based SST) for SST applications.

2.2.1 Modular Multilevel Converter (MMC)

The MMC converter, firstly proposed by Lesnicar and Marquardt in 2003 72|, was de-
signed to address HV applications. Despite the limited number of operative MMC con-
verters in use in industry, it has already become a well-established solution for innovative
and promising HV DC (i.e. HVDC) transmission systems [75]. The topology consists of a
series connection of cells to form a converter arm, with two arms connected to the AC grid
through two inductors (the so-called arm inductors) as shown in Fig. 2.5a [72,76]. As pre-
viously mentioned, although there are various possible topologies for the basic module, the
Half-Bridge topology is the most commonly used due to its minimal component count and
reduced conduction losses on the current path compared to other options. An important
advantage of the MMC topology is the availability of the MVDC link, which contributes
to the MMC suitability for HVDC applications and also for certain applications in SST
(e.g. SST-based fast charging stations, as mentioned at the beginning of this Chapter).
However, the complex control system and the considerable amount of required capacitance
are notable drawbacks. In addition to controlling the three-phase input currents and the
total MVDC voltage like a typical AFE converter, the MMC also needs to regulate the
individual voltage of its submodules and the circulating current which flows internally in

the converter, which rises because of the AC current divided between both arms of one
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Figure 2.6: Typical Half-Bridge-Cell MMC (i.e. DSCC) waveforms. The submodule DC
voltage shows the characteristic ripple at both the fundamental (50 Hz) and double-line

frequency (100 Hz) that occurs when half-bridge submodules are used.

phase. This necessitates multiple voltage and current loops, significantly increasing the
complexity of the control system design and implementation. Moreover, each submodule
of the converter requires a large amount of energy storage but has low energy density,
resulting in a substantial capacitance requirement. While the MMC is highly effective in
HYV applications, its feasibility for MV levels remains uncertain, requiring further research
in this area.

For multilevel grid-connected converters, the main design parameters are the number
of submodules N (per arm in case of MMC, while in the case of a CHB it refers to the entire
branch as will be shown later on), the submodule DC-link voltage V;. and capacitance
Cye, the semiconductor blocking voltage Vj, the rated modulation index m,., etc. For the
MMC (i.e. DSCC) converter of Fig. 2.5a, the voltage of the common DC-link V! is

calculated by knowing the AC phase voltage that the converter must interface during the
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normal operation and the rated modulation index m, as [76,77]:

tot o \/5%0
f S
C(MMC) \/gmr

where V. is the line-to-line RMS value of the grid voltage at the Point of Common

(2.1)

Coupling (PCC) where the converter is connected. The DC-link voltage of each submodule
is chosen considering the semiconductor blocking voltage V}, scaled down of the utilization
factor k, [78]:

Ve = kuVi (2.2)

Usually, is a good practice to operate the semiconductors around 50% of their blocking
voltage (i.e. k, = 0.5) so as to be able to withstand possible overvoltage conditions
happening during switching transients or faults [78]. Once V. is defined, the number of
submodules (per arm) N can be calculated as:

Vit V2V,
V:ic \/gmr ku ‘/b

Nomey = (2.3)

Then, it is possible to calculate the required capacitance of each submodule Cy. based on
the power fluctuation that affects them. This phenomenon is due to the power exchange
from the AC to the DC side or vice versa and it show up as voltage ripple across the DC
capacitor at the fundamental (f) and double-line frequency (2f) in case of half-bridge
submodules (see Fig. 2.6). Therefore, at rated conditions, knowing the converter apparent
power S, the grid angular frequency w and defined a maximum permissible percentaage
peak-to-peak DC voltage fluctuation (around the steady-state rated value Vy.) AV, the

submodule minimum capacitance Cy. can be calculated as [77,79]:

3
S meosp\”\
= 1-— 24
Cacqararery 3MNWAV ., V2 ( ( 2 ) > (2:4)

2.2.2 Cascaded H-Bridge Converter

The CHB converter is probably the most popular and well-established multilevel converter
topology used in MV high-power industrial applications. The first traceable patent about
this topology was published back in 1975 by R. H. Baker and L. H. Bannister [73], in
which the series connection of multiple isolated DC sources was employed to synthesize

a staircase AC voltage waveform. As said, this topology consists of several submodules
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Figure 2.7: Typical CHB (i.e. SSBC) waveforms. Note that, in this case, the submodules
DC voltage shows only a ripple at twice the line frequency (i.e. 100 Hz) because of FB

cells.

connected in series to create one phase branch, with the three-phase branches connected
in a star configuration, as shown in Fig. 2.5b. As for the MMC, in practice, the number of
submodules N connected in series is determined either by the AC operating voltage of the
converter and manufacturing costs [4,66]. This topology is well-established and widely
utilized especially in MV drives and power quality applications [66-71,80]. Although
other topologies can be used, the H-bridge is the most commonly adopted basic cell
[66—71]. At the basis of its popularity among MV converters, there is the simple submodule
topology implementation (i.e. FB), modulation, and control. Indeed, even though there
are various modulation strategies for the converter, the simple and well-known Phase
Shift (PS)-PWM modulation offers several advantages in terms of losses distribution in
the semiconductors and reduction in AC filter size [4,66]. Note that the modulation
techniques suitable for multilevel converters will be briefly discussed in the next Section.
Furthermore, the operation and control scheme are straightforward when this modulation
strategy is employed, unlike the MMC converter which requires an additional control loop
to manage the internal circulating current. The main drawbacks of the CHB include the

absence of a medium voltage direct current (MVDC) link for connecting MV loads and
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sources and the requirement of isolated sources connected to each module. However, in
modular SST applications, the need for isolated sources is not a disadvantage, as in most
triple-stage architectures the CHB converter is connected to the DC-DC stage, which is
composed of several isolated DC-DC converters [4].

The design procedure of this converter is similar to the one made for the MMC.
Therefore, the total MVDC link can be defined based on the per-phase AC voltage that
the CHB must interface as [4,81]:

Vjot - %

Note that, in the case of the CHB, it doesn’t make sense to define a total DC-link voltage

(2.5)

Viot as this converter doesn’t feature a MVDC link connection. Thus, this quantity just
refers to the sum of submodule capacitor voltages V. = k,V} (see eq. (2.2)) for one phase.

Then, the number of required submodules per phase is defined as [4,81]:

Vtot \/§V
N, =g — ac 2.6
(CHB) ‘/;lc \/gmr ku‘/b ( )

From the electrical point of view, the three-phase CHB converter operation can be as-
similated to the one of a triple single-phase system. This is due to the lack of a common
DC-link. Therefore, the instantaneous power that flows in each converter phase is of a

single-phase nature, i.e. a pulsating at twice the line frequency [4,80,81]:

A A

p(t) = v(t)i(t) = V sin (wt) I sin (wt) = g (1 — cos(2wt) (2.7)

Therefore each CHB submodule must process an oscillating instantaneous power, which
causes a second harmonic voltage ripple across each cell capacitor (see Fig. 2.5b). This
requires a much larger capacitance compared to a three-phase system with a common
DC-link (e.g. a common three-phase three-leg inverter). Hence, for the CHB converter,
the most common way to design the submodule DC-link capacitance Cy,. is through the

2" harmonic capacitor current equation [82]:

~

ml 1 mf 1
o ml 1wl 1 2.8
decup) 2 2wAVyeVae 2 20V 9, .

where qugw is the maximum permissible peak value of the 2" harmonic component of

the capacitor voltage, which can be defined (as done previously for the MMC) by knowing
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Vi and setting AV Similar to the MMC design procedure (i.e. equation (2.4)), there
is also another approach to determine the submodule capacitance for a CHB converter,

which is based on the maximum energy stored in the capacitor [4,81,83]:

S

AV?
fsw (VdCA‘/dC% - %%)

Cle, (2.9)

CHB,e)

where f,, is the switching frequency of each submodule. Note that, both key equations
(2.4) and (2.8) used for the design of the MMC and CHB DC-link submodule capacitance
refer to the minimum capacitance required to maintain the 2"¢ harmonic voltage ripple
within the limits (i.e. AVgg) during normal (rated) operation. Moreover, eq. (2.4),
(2.8) and (2.9) allows the user to design the DC-link capacitance with respect to only the
low-frequency ripple stresses. To assess also the high-frequency ripple related to switching

harmonics, other considerations must be done, which can be found in [82].

2.2.3 Modulation Techniques

The last 20 years have seen extensive research into modulation techniques for multilevel
converters. Figure 2.8 provides an overview of the traditional modulation methods for
AC/DC multilevel converters based on the switching frequency [84]. The primary distinc-
tion among the three modulation families lies in the switching frequency: PWDM-based
methods are categorized as high-switching frequency approaches, while the fundamental
switching frequency techniques usually perform one or two commutations of power semi-
conductors over one fundamental cycle of the output voltage, meaning that they have the

lowest switching frequency. Mixed switching frequency modulation method falls between

Multilevel Modulation

High Switching Frequency PWM Mixed Switching Frequency Fundamental Switching Frequency
,_k_‘ I
Space Vector Multicarrier Hybrid Multilevel Space Vector  Selective Harmonic Nearest Level
Modulation (SVM) PWM Modulation Control Elimination Control

Figure 2.8: Classification of multilevel converter modulation techniques [77,84].
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the aforementioned methods in terms of switching frequency. In most cases, multilevel
converters are utilized as inverters/rectifiers to generate a low-frequency, high-resolution
AC waveform at 50/60 Hz from a DC voltage. To minimize commutation losses in high-
power converters, the switching frequency should be kept as low as possible. Conversely,
higher switching frequencies are needed to achieve high voltage resolution and dynamic
range. For industrial applications of multilevel converters, in particular, the most uti-
lized modulation strategies are PWM-related. In this context, a very popular modulation
technique already introduced in the previous section is the classic carrier-based sinusoidal
PWM that implements the phase-shifting technique (i.e. PS-PWM) to remove or reduce
specific groups of harmonics in the synthesized output AC voltage waveform [84|. For the
scope of this work, it is only necessary to specify that the PS-PWM technique is adopted
for the operation of the multilevel stage of the SST topology selected, whereas the detailed
analysis of multilevel modulation techniques is omitted. A detailed description of these

methods can be found in [84] and [77].

2.2.4 Comparison and Discussion

The MMC and CHB converters share several characteristics, such as modularity, the
potential for fault-tolerance implementation, low voltage THD, multilevel operation, low
switching frequency and dv/dt, and filter size. Table 2.1 reports the main equations used
in this work to design both converters. The additional advantage of the MMC is the
availability of the MVDC link for connecting MV loads and sources. On the other hand,
the highly complex control system, bulky filter on the DC side, and high overall cost
are the main MMC disadvantages when compared to the CHB converter. As a result,
so far it has only been used in HV applications and not yet widely adopted for MV
applications. A detailed and comprehensive assessment of the MMC and CHB topologies
for MV applications has been reported in [4]. In this work, both converters wee designed
based on different grid requirements (voltage and power levels), and the results were
compared in terms of power device requirements. The design of both converters was made
according to the equations reported in Section 2.2.1 for the MMC and in Section 2.2.2
for the CHB, thus according to [66,77,79,81]. An utilization factor of the semiconductor

voltage of k, = 0.65 was taken into account, meaning that the maximum voltage over
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Table 2.1: Main design equations of the MMC and CHB converters.

Design Quantity MMC CHB
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Figure 2.9: Comparison between the MMC and CHB converters. Required number of
modules in function of the selected semiconductor blocking voltage for different grid volt-

ages: (a) 6.6 kV, (b) 7.2 kV, (c) 10 kV, (d) 13.8 kV. [4].
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Figure 2.10: Comparison between the MMC and CHB converters. (a) Number of semicon-
ductors according to the grid voltage application (considering a semiconductor blocking

voltage of 1.7 kV), (b) required capacitance according to the grid voltage [4].

the semiconductor is 65% of its voltage rating. The results are presented in Fig. 2.9 and
Fig. 2.10. Fig. 2.9 shows the number of modules required by each topology based on
the voltage rating of the chosen semiconductor, for various grid voltage cases. It can be
observed that the CHB converter requires fewer modules compared to the MMC, resulting
in a lower number of components. Moreover, the total number of semiconductors required
by each converter is shown in Fig. 2.10 (a) when semiconductors rated for 1.7 kV are used.
Furthermore, the total required DC link capacitance (per phase) for both converters is
plotted in Fig. 2.10 (b), for different grid requirements. These results indicate that
the total capacitance of the MVDC link can be reduced by approximately 80% when
the CHB converter is adopted instead of the MMC. To explore the full analysis, refer
to [4]. Overall, the CHB offers more advantages than the MMC in terms of the number of
modules and semiconductors required, necessary capacitance, as well as modulation and
control implementation simplicity. Moreover, as the availability of a MVDC link is not a
requirement in the UNIFLEX-based SST analyzed in this work, the CHB is definitely a
better option. For these reasons, the PS-PWM modulated CHB converter is selected as
MV AC-DC stage of the SST considered in this work.
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2.3 DC-DC Isolation Stage

2.3.1 Topologies Discussion and Requirements

The DC-DC stage is the fundamental component of the SST architecture, as it connects
both sides of the SST (either they are both MV in case of ER-SST applications or MV and
LV in case of utility smart grid SSTs) and provides galvanic isolation at high or medium
frequency thus maintaining a compact footprint. This stage is particularly challenging
to implement due to its strict requirements [4,30,32]. The high voltage and current
levels involved in power conversion make the DC-DC stage responsible for most of the
system losses, so it requires careful attention during the design phase. For instance, the
MYV side of the SST works with high voltages and low currents, therefore high blocking
voltage capability is required for the semiconductors, magnetics and other passive compo-
nents installed on the DC-DC converter. On the other hand, in case of LV AC/DC-link
availability, this stage operates with low voltages and high currents, hence high current
capability is required [4,30,32]. The main bottleneck of such systems is the design of the
high /medium frequency transformer. To increase system efficiency and power density,
thus decreasing the size and weight, high switching frequencies are required, which are
nowadays made available and extremely high due to the advancement in Wide BandGap
(WBG) semiconductors technology. However, higher switching frequency results in higher
switching losses. Therefore, in practice higher efficiencies are achieved by implementing
ZVS and/or Zero-Current Switching (ZCS) modulation schemes, as these converter topolo-
gies are intrinsically prone to allow that in certain operating conditions [30]|. Moreover,
also the DC-DC converter design is often done specifically for enhance the soft switching
operation of the converter.

Hence, as the DC-DC stage is a key component of a SST, it is important to highlight

its main requirements, which can be summarized as follows [4]:

e High voltage capability in the MV side: able to handle voltage levels of approxi-
mately 10 kV to 25 kV;

e High current in the LV side, if available: expected current levels in the range of 100

A to 2000 A;
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e High voltage isolation: the medium or high frequency transformer used must provide
isolation in the range of 10 kV to 15 kV, regardless of the solution adopted for this

stage;

e Decoupling between both sides of the converter: the ability to provide total decou-
pling between two MVAC grids of between the MVAC grid and a LVAC grid so that
the these stages can operate independently from each other. This means the MV
AC-DC stage can operate and provide the required ancillary services to the MV grid
without disturbing or being disturbed by the MV /LV DC-AC stage operation. To
achieve such decoupling, both DC links must be maintained constant with minimal
voltage oscillation (i.e., 5% in case of LVDC link [32]), and the DC-DC must ensure

voltage regulation;

e Power flow control: the DC-DC converter must be able to control the power flow
between its input and output terminas and manage the connection of loads on both

sides;

¢ Bidirectionality: bidirectional power flow capability is required for the DC-DC stage
for almost any scenario unless the reverse power is not allowed in the specific dis-
tribution grid system under evaluation. Despite this, bidirectionality is considered

a requirement in this thesis.

e DC breaker function: Overload and short-circuit protection (acting as a DC breaker)

for the possible load/source/microgrid connected to the LVDC link [16-19, 22].

e High efficiency: the SST is intended not only to replace the LFT of the distribution
system but also to solve problems resulting from grid modernization. However, high
efficiency is expected for the SST to compete with the traditional LFT [5]. In this
context, the DC-DC isolation converter plays a crucial role since it is recognised

that its efficiency is usually slightly less than that of the other stages [4].

The DC-DC isolation stage of the SST can be implemented using various suitable
topologies, which can be classified according to their operation principle as shown in Fig.
2.11 [4]. There are three different families of isolated DC-DC converters suitable for the

SST application: Active Bridge, Resonant Converters, and Full-Bridge DC-DC converter
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Figure 2.11: Classification of the most suitable DC-DC converters to be used as the basic
module of the DC-DC stage. The topologies can be classified in three types: active bridge

converters type, resonant converter and full-bridge conventional converters [4].
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Figure 2.12: Dual Active Bridge (DAB) topology.

families. The DAB converter, which belongs to the Active Bridge family, and the Series
Resonant Converter (SRC), belonging to the Resonant Converters family, are the two
main realization options typically considered. The DAB converter was proposed in [85]
and patented in 1989 [86] by DeDoncker. In its standard form, shown in Fig. 2.12, the
DAB converter consists of two H-Bridges connected to the input and output terminals of
an isolation transformer which features a leakage inductance L;. By actively controlling
these two bridges (hence the name of the converter topology), the transformer current and
thus the power flow can be properly controlled. The main advantages of this converter
are the possibility to implement a simple technique (i.e. square wave PS modulation)
still guaranteeing good system performances and the simple control system required [4].
Furthermore, ZVS can be achieved within a certain operating range and converter design
[4,30,85]. Also, the DAB converter is available in two variants, as shown in Fig. 2.11:
the single-phase (SP) and three-phase (TP) one. However, even if the TP-DAB topology

o4



2.3. DC-DC ISOLATION STAGE 55
T b, f B[] FRMaE
woda [ | T e E|RFMIKF[T
B RO N7 i

Figure 2.13: SRC and MAB topologies.

shows some good benefits (as, for example, reduced current stresses on the DC-link [4], and
therefore reduced voltage ripple and required total capacitance), the most common and
employed topology is the SP-DAB [4]. Fig. 2.13b shows another variant topology derived
from the DAB is the Multiple Active Bridge (MAB) (or Multi Active Bridge), which is
obtained by connecting multiple active bridges to a multiwing transformer [4, 40,87, 88|.
From this family, the most known topologies are the Triple Active Bridge (TAB) [89,90|
and the Quadruple Active Bridge (QAB) converters [4,40,88| in which, respectively, three
and four active bridges are interconnected through a multiwinding transformer. This
structure preserves the same advantages of the DAB but also offers the possibility to
connect more sources/loads with different voltage and power levels to the same converter,
enhancing the power density and compactness [4]. However, the optimized design of
the multiwinding transformer, which is the key element of the MAB converter, and the
implementation of a controller that allows decoupling the operation of each active bridge
are the main drawback of this topologies [15]. Moreover, a multiwing transformer failure
interrupts the operation of all connected H-bridges. By adding a capacitor in series with
the leakage inductance L;, a resonant tank is formed and the basic circuit topology of
the SCR is obtained and shown in Fig. 2.13a. This converter is well-known and it has
been very used in a large range of voltage and power applications [4]. Because of the
resonant tank, when a square wave voltage excitation is applied to the transformer, a
piece-wise sinusoidal current is obtained [4,30]. Therefore, the main difference in the
operation of the SRC compared to the DAB is the sinusoidal current shape. Another
feature of the SRC is that the input and output ports are intrinsically tightly coupled.
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Therefore, it doesn’t require a closed-loop control [30]. Therefore, in contrast with the
DAB, the SRC doesn’t need complex modulation strategies and control schemes, and
it can inherently achieve ZVS/ZCS for many operating points [30]. However, when a
control on the power flow or the output voltage is required, the lack of controllability
might be more a drawback instead of a benefit [30]. Finally, also the phase-shifted full
bridge (FB) converter deserves a mention as a possible viable option to implement the
isolation DC-DC stage in SST applications. It was recently proposed for multicellular
Power Factor Correction (PFC) rectifier for telecom applications [91|. However, being the
topology typically only unidirectional and requiring an output inductor that would carry
high currents in case of LVDC-link availability, this topology is generally not suitable for
high-power SST applications [30]. A more detailed analysis and comparison of all these
DC-DC topologies can be found in [4].

For the purpose of this work, and in light of the benefits and drawbacks briefly high-
lighted above, the DAB topology is confirmed (with reference to the UNIFLEX-based
SST) as DC-DC isolation stage topology for the SST architecture investigated in this
work. This is due, at first instance, to the simplicity of the modulation and control of
the DAB. Furthermore, it is shown in [4]| that the DAB offers the highest efficiency, along
with the SRC and FB, among the topology proposed in a power range of few to tens of
kW. Also, the SRC and FB present drawbacks in terms of, respectively, controllability
and bidirectionality compared to the DAB. Therefore, the DAB is the best choice among
these three topologies. Moreover, the SP-DAB is preferred over the TP-DAB because
the performances of both converters are quite similar but the DAB requires fewer semi-
conductor components. From the comprehensive literature review carried out in [4], the
MAB converter could be directly discharged because of its poor performance, in terms of
efficiency, compared to other DC-DC topologies. However, its potential as core DC-DC
isolation crosslink has been evaluated in [4,88,92]. It resulted that, besides the economic
advantage enabled by the MAB converter, the efficiency of the MAB-based SST was sim-
ilar to the one brought by the DAB-based SST. Therefore, despite the DAB converter
has been confirmed as the DC-DC stage in this work due to its simplicity, this topology
deserves more attention for future investigations.

In the following, the operation principle of the DAB is briefly presented along with the
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selection principle of the leakage inductance L;, transformer turns ration n, rated phase

shift angle ¢ and output capacitance C,.

2.3.2 Dual Active Bridge Operation and Design

The DAB topology is shown in Fig. 2.12. Has already mentioned, it consists of two active
bridges interfaced via a HF'T that features a leakage inductance, namely L,. The basic
operation principle of the DAB converter consists of controlling the phase displacement
between the AC voltage generated by both active bridges in order to regulate the power
flow across the HFT. This comes from power system theory, where the active power trans-
ferred among two electrical grids interfaced via an inductor is controlled by changing the
phase shift between the grid voltages, while the reactive power is controlled by changing
the amplitude of the voltages [93|. Therefore, based on the aforementioned operation prin-
ciple, the resulting DAB equivalent model is shown in Fig. 2.14 [94]. To do so, depending
on the modulation scheme adopted, the current and voltage waveforms at the HF'T might

be different, resulting in different operations. Among many strategies proposed [94-96],
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Figure 2.14: Equivalent circuit model of the DAB.
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Figure 2.15: Typical DAB voltage and current waveforms at the HF'T.
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the phase-shift modulation (PSM) is the most adopted one because of its simplicity and
performance. In this scheme, the active bridges both generates square voltage waveforms,
i.e. with 50% duty cycle, at constant switching frequency f,4; and phase-shifted of a given
angle . Fig. 2.15 shows the main DAB voltage and current waveforms when the PSM
is employed. If the input/output voltages of the converter can be maintained closed to
their nominal values, the PSM features ZVS during the turn-on of the semiconductors,
low RMS current, symmetrical share of the losses among the semiconductor switches, high
power transfer capability and simplicity of implementation [4]. For this reasons, and also
because the investigation of advanced DAB modulation technique is not the aim of this
work, the PSM is selected as modulation strategy for the DAB converter.

To design the converter passive elements, i.e. the leakage inductance L; and the output
capacitance C,, the transferred average power (Py;) equation of the converter must be
derived when using the PSM. With reference to the equivalent circuit of Fig. 2.14, P,y
can be defined as [4,85,94]:

1 to+Tsa 1 to+Tsa . Woeis to+Tsa/2 ‘
Pdab = / pdab(t) dt = / (%7 (t)Zt (t) dt = - / Zt<t) dt (2.10)
Tsd to Tsd to Tsd to

where Tsq = 1/ fsq is the DAB switching period while Vj.; is the amplitude of the input
voltage supplied to the DAB converter, with reference to Fig. 2.12. The inductor current

1; 1s defined as:

1 to+Tsq 1 to+Tsq v
i (t) = is(to) + —/ v (t) dt = i4(tg) + —/ <vti - ) dt (2.11)
Lt tO Lt to n

With reference to the waveforms of Fig. 2.15, it can be noted that ¢, shows a piece-wise

shape, which can be defined as [4,85,94]:

Vg, —

it(to) + L—nt, to<t<ty

if(t) = ty, (2.12)
. Ut — = T
i) + —— (t— 1), <t <o+ L

Ly

where:

Vco
(‘/dc,i - de, ) ™ — 2anc,090
n

1 (tg) = — 2.1
Zt( 0) 4nT foqLy ( 3)
VCO
( 2’ - Vdc,i) T — 2V
() = T (2.14)
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where Vj., is the amplitude of output voltage. Note that i;(ty) = —i;(t,) only during the
steady-state. Replacing eq. (2.12) in (2.10) and rearranging it, the transferred average
power of the DAB is obtained as [4,85,94]:

V;lcz’vdco |S0|
Py = deildeo (g X1 2.15
dab 2nfdet(p( . ( )

Introducing the phase-shift ratio d as d = ¢ /7, eq. (2.15) can be rewritten as [97,98]:

‘/dc,i ‘/dc,o

Py =
dab 2nfdet

d(1—|d|) (2.16)

Fig. 2.16a shows the transferred active power Py, as a function of the phase shift angle
. As can be noted, the maximum positive and negative transferred power is obtained
when ¢ = £7/2. Equation (2.15) is used in this work to design, at rated conditions, the

leakage inductance L, as:

I, — de,i Vdc,0 nom (1 _ |90n0m‘ 2.17
' S P’ ( - (2.17)

where the superscript "nom" is used to indicate the nominal value of the parameters.

To do so, once the rated power Pyi", the input and output voltages V;5™ and V. o"

de,o
and the semiconductor switching frequency fyq are defined (depending on the system and
requirements), the leakage inductance L, is calculated after choosing the transformer turns
ratio n and the rated phase shift angle "™, In the first instance, the HFT turns ratio n
is typically chosen accordingly to the required output voltage compared to the input one.
Typically, the value of n can also be object of an optimization procedure of the converter
design, especially when advanced modulation technique are implemented, with the aim

to expand the ZVS region [94]. However, this is not the focus of this work. Therefore, in

this thesis n is chosen as:
nom

n = 2 (2.18)

nom
dc,0

Either way, the value of n is limited by the maximum input and output voltages as [94]:

max

n < el (2.19)

mazx
dc,0

where the superscript "max" is used to indicate the maximum value of the parameters.
The value of ¢™™ must be design in the rage of —7/2 < "™ < +7/2, according to

Fig. 2.16a. However, the selection procedure of "™ deserves more attention because,
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Figure 2.16: (a) Active power of the DAB in function of the phase shift angle ¢ and (b)

comparison of the active, reactive and apparent power increments as a function of of ¢ in

the range of 0 < ¢ > /2.

when ¢ increases or decreases with respect to ¢ = 0, a reactive power flow originates at

the HF link of the converter. This is quite simple to prove with a simplified time domain

analysis of the converter, in which only the fundamental components of the transformer

voltage and current are considered (i.e. at wsq = 27fsq). The accuracy of this analysis

was presented in [4]. In this context, the transformer voltages are defined as:

)

- 4‘/dci

Vg, sin(wsqt)

(3

™

4V,
vy, = de,o sin(wsqt + )
mn

Therefore, the active, reactive and apparent powers can be calculated as follow:

4VieiVico .
Pfund _ c,i Vdc,o S
dab 7T37’Lf5st Hl(@)

fund __ 4‘/:107in0,0
dab
7TSTLfdet

fund fund? fund?
Stab = \/P dab T Qiap

(1 = cos())

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

As fig. 2.16b shows, for growing ¢ the active power increases sinusoidally while the reactive

power increases exponentially. This means that, for small values of ¢ (i.e. typically in the

range of 0 < ¢ < 7/4) a small increment of ¢ determines a significant increment of active
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power sz“gnd while just a light increases in the reactive power Qf;;‘;l ¢ Instead, for larger
values of ¢ (i.e. in the range of 7/4 < ¢ < m/2), even a small increment in ¢ may cause
a relevant increment in the reactive power, while the active power just slightly increases.
In light of that, the reactive power circulation must be minimized as much as possible
since its circulation increments the HF'T current and therefore the losses, reducing the
converter efficiency [4]. Moreover, ideally zero reactive power would be required as the
DAB is interconnecting two DC systems whose exchange only active power. Therefore,
the rated phase shift angle ™™ should be selected in the range of 0 < ¢ < 7/4.

Finally, the output capacitance C, is also designed. Considering the SST topology
investigated in this work, i.e. the UNIFLEX-based SST, each DAB is linking an H-Bridge
submodule of the AC-DC rectifier multilevel stage with either a H-Bridge of the Port 2
DC-AC inverter stage (which is also a multilevel CHB topology, as Fig. 2.2a shows) or
with a single H-Bridge belonging to the Port 3 inverter. Therefore, the output capacitor of
each DAB converter is shared with either a submodule of a CHB inverter or with a single
H-Bridge inverter. This is due to the ISOS configuration of the UNIFLEX-based SST.
Hence, in both cases the output capacitance C, of the DAB converter can be designed by

using eq. (2.8) introduced in Section 2.2.2.

2.4 DC-AC Inverter Stage

The last stage of conversion of the triple-stage SST under investigation is the DC-AC
inverter stage (i.e. the Voltage Source Inverter (VSI)). The UNIFLEX-based SST features
a CHB-based multilevel VSI that realizes the Port 2 of the converter and a single H-Bridge
inverter per-phase that realizes the Port 3 connection. However, Port 3 per-phase topology
is not limited to one single H-Bridge but, depending on the voltage or current levels
required for that connection, it can feature more submodules connected in series or even
in parallel, thus realizing either again a CHB converter or different topology /architecture.
The challenges of this stage relate to the its voltage level. For MV level, these are the
same presented in Section 2.2 for the AC-DC rectifier stage, as it usually interface a MV
distribution grid. For LV level, the high current involved and the EMI filter design are

mein challenges of this conversion stage [4]. Moreover, for LV three-phase connection
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usually a fourth wire (namely the neutral wire) is required based on the Terra-Terra (TT)
configuration, forming the four wire system. These affect the topology selection for this
stage. Among them, the standard two level VSI, the three-level Neutral Point Clamped
(NPC) and the T-type topologies are commonly adopted [4]. An evaluation of the possible
converter topologies suitable for implementing a LV DC-AC inverter stage can be found
in [4].

The AC-DC inverter stage of the UNIFLEX-based SST is realized whit the already
presented and quited discussed CHB topology. Furthermore, the DC-AC inverter stage
plays a secondary role in the analysis carried out in this work. Therefore its detailed

topological description will be omitted here.

2.5 Final SST Configuration and Considerations

Before presenting and discussing the final SST architecture investigated in this work and
summarizing the key points covered in this Chapter, to round off the converter design

procedure also the grid filter (i.e. the input AC inductance) design must be covered.

2.5.1 Grid Filter Design

Grid filter covers a twofold role in grid-connected Voltage Source Converters (VSCs). It
first allows the VSC to exchange active and reactive power with the grid as happens
among different network nodes in the legacy grid. Therefore it must present a dominant
inductive behavior to replicate the well-known interactions among synchronous genera-
tors in transmission lines, where the power flow is regulated by controlling the phase and
magnitude of the PCC voltages [93,99]. On the other hand, the voltage generated by
VSCs contains, beside the fundamental component, a wide range of harmonics due to the
switching nature of the waveform. These harmonics may trigger an undesired harmonic
current flow into the grid, which can disturb the normal operation of loads and equip-
ment and increase the system losses. Therefore, to prevent such unwanted phenomena,
these current harmonics must be properly filtered out, guaranteeing sinusoidal currents
waveform with low distortion (i.e. low THD) [99]. Among many possible passive filter

implementations, the L, LC and LCL filters are the most common ones. Their topological
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(a) (b) (c)

Figure 2.17: Single-phase representation of common grid filter topologies: (a) L filter; (b)
LC filter; (c) LCL filter.

implementation is shown in Fig. 2.17. The L filter is simplest solution to comply with
both requirements specified above. However, if the switching frequency of the VSC is too
low (as usually happens for high power converters, to limit switching losses), the required
inductance may be quite large and therefore the inductor realization can be expensive and
bulky. On the other hand, for higher switching frequencies even a small inductance may
be enough, as its reactance increases with the frequency. However, still the encumbrance
of the inductor may be a problem as usually this system must be well compact. It is in this
frame that high-order filters like LC or LCL come in to play to help the designer. With
this solution, the size and cost of inductors and capacitors can be reduced. Nevertheless,
the main disadvantage of those filters, in which more than one reactive element is used, is
the resonance problem. Indeed, when prior selecting the proper filter, a trade-off between
the filter size and the switching frequency should be done. Then, to chose the filter pa-
rameters, typically a good criterion is to achieve a balance among the topology and the
size of the reactive elements and the power losses [99]. In this work, for simplicity an L
filter is selected, as the network is interfaced with the chosen SST through a multilevel
topology (i.e. the CHB converter), which normally shows a good equivalent switching
frequency fou.eq = 2N(crp) fsw even if the rated power is high [66].

To design the L filter, many strategies were proposed in the literature: among them,
the maximum current ripple criterion [81,100-102|, the power transfer [81| and power
losses principles [17| and other iterative algorithms [102| are common design procedure.
In this thesis, the filter inductor Ly is design based on the worst case current ripple [101].
The peak ripple current is defined as the difference between the peak volt-second and the
average volt-second applied to the filter inductor over the switching period. Considering

the CHB converter shown in Fig. 2.5b with each submodule DC-link voltage equal to the
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nominal value V. as defined in eq. (2.2). The maximum ripple occurs when the duty
cycle is set to be 50%. In this case the average volt-second equals zero. On the other

hand, the peak volt-seconds applied to the inductor is equal to:

Vie 1 Ve 1 1 Vie
Vi, At = - Ty = = o s = d (2.25)
2 2 2 2N(CHB)fsw 2 8A]V(CHB).fsw

and its lasts for half of the equivalent switching period of the converter Ty cq = 1/ fow,eq-
Assuming that the fundamental voltage is constant during one switching period, from

(2.25) the minimum inductance value can be calculated as [101]:

Vi, At ) 1
Lppin = 220 =V , (2.26)
AZLf,manU 8]V(CHB)fsw \/ilLfAlLf%

where Air . mqe is the maximum allowable peak ripple current, defined as the peak inductor

current I, ;= V2I;, ; times the allowable percentage current ripple iz, ..

2.5.2 Final SST Configuration and Summary

The aim of the research work developed in this thesis is to further investigate the UNIFLEX-
PM converter, addressing many key points there were left open at the time of the project,
i.e. the modeling, control and stability analysis of the system (see Section 1.6). Consid-
ering the advancement in SST technology of the last two decades, before explore these
aspects the UNIFLEX-PM topology had to be revised based on the current state-of-the-
art. On this basis, the topology review and discussion carried out in this Chapter allowed
to confirm the UNIFLEX-based SST as selected topology for future investigation, within
the context of Intelligent Energy Router for future smart distribution networks.

Finally, the key points covered in this Chapter whose define the SST topology and

application investigated in this work can be summarized as follow:

e The final topology under investigation is a Three-Phase Triple-Stage ISOS SST.
It is based on the Cascaded H-Bridge and Dual Active Bridge topologies and it
features two MV-level ports. The SST topology and its configuration are shown in

Fig. 2.18a, whereas the fundamental PEBB is presented in Fig. 2.18b;

e The application scenario considered in this work provides that the SST works as

Intelligent Energy Router linking two distribution network through the MV-level
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ports, as Fig. 2.18a shows. Further extension of the select SST topology, which is
planned for future works, involves the implementation and analysis of a third port to
interface a LV utility grid. In this context, different SST configuration or topologies
might be considered to solve the power routing issue for the UNIFLEX-PM topology
highlighted in Section 2.1 and to bring an easy-to-scale SST topology. To this end,
in the context of utility distribution grid applications, through the HEART project

many researches explored and analyzed the deployment and suitable topologies to

properly integrate extra LV ports in a SST system [4, 32];

Figure 2.18: (a) Selected SST architecture and its applications: Three-Phase Triple-Stage
ISOS topology featuring two MV-level ports and interconnecting two distribution grids;
(b) basic PEBB for the selected SST topology.
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e MV AC-DC Rectifier Stage: to implement this conversion stage the CHB topology
has been selected because of its advantages in terms of number of submodules, semi-
conductor requirements, necessary capacitance and modulation and control com-
plexity compared to the MMC solution, which becomes a more attractive solution
when a MVDC-link is requested. For this work, the PS-PWM has been selected to
drive the CHB converter;

e DC-DC Isolation Stage: the single-phase DAB converter has been selected as core
isolation stage due to its simplicity in both modulation and control and for its good

performances in terms of efficiency. The square-wave PS modulation is chosen;

e MV DC-AC Inverter Stage: being the port 2 of the converter interfacing a MV
distrubtion grid, as for the MV rectifier stage, the CHB topology and the PS-PWM

modulation are adopted;
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Chapter 3

Solid-State Transformer Modeling and
Control System Design

In this Chapter, the control system for the SST topology investigated (see Fig. 2.18a) is
designed and its operation is validated through time-domain simulations. Differently from
the original control scheme proposed for the UNIFLEX-PM converter, i.e. a Dead-Beat
controller [13], the control strategy proposed in this work is developed in the rotating dq
reference frame and, moreover, it is able to work properly also during unbalanced load
conditions that may lead to unbalanced DC-link voltages among different submodules
(i.e. the local DC-link voltages) or phases (i.e. the clustered DC-link voltages). The
control system is tuned by means of the open-loop transfer functions of the system. To
obtain these transfer functions, the system to be controlled must be properly modeled.
For this purpose, the first step of the SST modeling process is the development of the
switching model, through which the average model of the converter is derived. The average
model of the converter allows to capture the fundamental behavior of the system, thus
synthesize its low-frequency behavior and removing high-frequency noise due to switching
harmonics [103]. Then, the average model is perturbed and linearized around an steady-
state equilibrium point, obtaining the small-signal model of the converter. Through it,
the relevant open-loop transfer function can be derived and therefore the control system
can be finally tuned in order to ensure a stable closed-loop operation of the SST. The
controller design process is outlined in Fig. 3.1.

In this Chapter, the average model of the rectifier, isolation and inverter stages of
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the SST are derived. Based on these representations, the relative small-signal models are
derived. Then, the plants useful for tune the control system are identified. Therefore, the
overall SST control structure is presented and the tuning procedure is described. Finally,
time-domain simulation results of the SST average model verify the effectiveness of both

modeling and tuning procedures.

3.1 AC-DC Active Front-End Rectifier and DC-AC In-
verter Modeling

In this Section, the modeling process for the SST rectifier and inverter stages is presented.
Since they share the same converter topology, i.e. the multilevel CHB converter, their

model development is gathered in the next.

3.1.1 CHB Switching and Average Model

Considering only the AC-DC AFE rectifier stage of the SST, which consists of the mul-
tilevel CHB topology, its circuit schematic and submodule representation are given in
Fig. 3.2. From now on, the subscript ¢ will be used to identify the input-side quantities
of the SST, i.e. Port 1 of the converter, while subscript o will be used to identify the
output-side quantities, i.e. Port 2 of the SST. Also, the subscript j identifies the phase

variables (i.e. j = a, b, ¢) while k identifies the submodule index (i.e. k = 1, ..., N where

e i e T T I

/

- = \
1 | Switching Average Linearization [
1| Function Operator I

1
) 1
Solid : (Switchi A Small-Signal | ;
witching _ Average mall-3ignal |,
” St?te ’_.ﬂ Model || ' Model H’i. Model 1
ransformer I
1
!

1
] =
1

Model Development

Feedback Control }
Desugn

Feedback Control Development

Figure 3.1: Controller design process [81].
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Figure 3.2: Grid-connected three-phase CHB converter and circuit representation of the

k-th H-Bridge connected to the j-th phase.

Table 3.1: Switching states table of the k-th H-Bridge connected to the j-th phase of a
CHB converter.

S| Se | S35 | Si| Vabijk Lde,ijk

1100 1 | vieijk Lac,ijk

110]11]0 0 0
o101 0 0
0 1| 1] 0 | —vieijk | —tacijk

N is the number of submodules per phase). To analyze the operation of the converter,
which is composed of several H-Bridges connected in series, the switching function of the
single submodule is developed here. Considering the PS-PWM modulation technique as
stated in Chapter 2, three possible output voltage states can be defined, considering that
the devices connected to the same leg (57 and Sy, for example) must be switched ON and
OFF complementarily to avoid short circuits. Table 3.1 summarize the switching com-
bination of an H-Bridge, where "0" stands for OFF state wile "1" stands for ON state.

Therefore, the switches S; and S3 can be used as switching variables to represent the

switching status of, respectively, the leg A and B of the H-Bridge converter of Fig. 3.2.
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Hence, the instantaneous switching model is given by [81,104, 105]:
VaN,ijk = Slvdc,ijk (3-1)
UbNijk = SSUdc,ijk (3-2)
where vg. ;i is the DC-link voltage of submodule j, k. Therefore, from eq. (3.1) and (3.2),
the relationship between the DC- and AC-side voltage is derived as:
Vab,ijk = VaN,ijk — VaN,ijk = (51 — S3) Vac,ijk (3.3)
Similarly, for the DC and AC currents it holds:
Gdcijk = (S1— 53) Tac,ijk (3.4)
Defining the switching function of the j, k-th submodule at the input side i as:
Sijk = (S1 — S53) (3.5)
where S € {—1,0,1}, eq. (3.3) and (3.4) can be rewritten as:
Vab,ijk = Sijk Vde,ijk (3-6)

lde,ijk = Oijk Lacyijk (3.7)
Equations (3.6) and (3.7) describes the switching model of the H-Bridge submodule j, k.

Based on that, the switching model of the total output voltage generated by each phase

of the CHB converter can be derived as:
N N
Vjo = Z Vab,ijk = Z Sijlc Ude,ijk (3-8)
k=1 k=1

Assuming equal and constant DC-link voltages among submodules and phases (i.e. vgc (%)
= V4c,i(t) = Vaci, V7, k), the instantaneous switching model of the three-phase output

voltages generated by the CHB can be derived as:

¢

Va0 (t) = Zévzl Vab,iak (t) - Zgzl Szak(t) Udc,iak@) = Ude,i Zivzl Sz'ak (t)
vo(t) = Zfﬁvzl Vab,ivk () = Zfe\le Sivk (1) Vae,ivk(t) = Vac Z;]gvzl Sivi (1) (3.9)

VeO (t) = Zszl Vab,ick (t) == Z]]jzl Szck<t) Udc,ick:(t) = Vdc,i Zivzl Sick (t)
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To develop the average model of the CHB converter, the switching function of each

submodule is averaged over one switching period T, as [103-105]:

1 t+Tsw

Uab,ijk = T / Siik(T) Vde,iji(T) dT (3.10)
sSw t

_ 1 t+Tsw ]

Ydc,ijk = T / Sijk(T) Gaciji(T) dT (3.11)
sSw t

where the accent mark ¥ indicates the averaged value of the variable x of the switching
period, while the variable 7 is introduced to discern the time variable indicated as t.
Assuming the DC voltages and output AC currents to be constant in one switching cycle

[104], equations (3.10) and (3.11) can be averaged as follows:

1 t+’Tsw 1 t+Tsw
Vab,ijk = T—Udc,ijk/t Sije(T)dT = Udc,ijkT_/t (S1,ij(T) = Ss.45K(7)) dT =
= Vdc,ijk (dl,z’jk - d3,ijk)
(3.12)
-~ 1 t+Tsw 1 t+Tsw
idc,ijk = T—iac,z'jk/t Sz’jk(T) dr = iac,z’jkT—/t (Sl,ijk(T) - S3,z‘jk(7')) dr =
= lacijk (A1 — dsijk)
(3.13)

where dy ;; and d3 ;5 are the duty cycle of, respectively, the leg A and B of the submodule
J, k. In a single-phase H-Bridge converter, the relation between the duty cycle of each leg
and the modulation index is:

Mijr = dl,ijk - d3,ijk (3-14)

Therefore, substituting (3.14) in (3.12) and (3.13), the average model of a single H-Bridge

submodule is obtained as:
Vabjijk = Mijk * Vde,ijk (3.15)
ldeijk = Mijk * Tac.ijk (3.16)
which holds if the DC voltage v4c;jx and the AC output current i, are constant over

one switching cycle, assumption that can be considered reasonably correct in PWM-

drive converters, where the switching frequency must be quite higher compared to the
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fundamental frequency. From (3.8) and (3.15), the average multilevel output voltage of
the j-th phase of the CHB becomes then:

N N

Vjo = E Vab,ijk = g Myijk * Vde,ijk (3.17)

k=1 k=1
while, with reference to the nomenclature given in Fig. 3.2, the average DC current of

the j-th phase of the CHB can be expressed as:
ldeije = Mijk - 13 (3.18)

Equations (3.17) and (3.18) represent the average model of the j-th phase of the CHB
converter given in Fig. 3.2.

From the circuit analysis of the network given in Fig. 3.2, supposing that Rj;, =
Rsiw = Ryic = Ry, Lyia = Ly = Lyic = Ly, Cijp = C;, Vj = a,b,c, Vb =1,...,N
and considering the equations (3.17) and (3.18), a general average model in the natural

reference frame (i.e. in abc coordinates) of a grid-connected CHB featuring N submodules

is given by:
- d;z abc
€iabe — Rfitiabe — Ly —d’t — Ui,caB + Uioo = 0 (3.19a)
dvdc ij
ik . . o . o
Ci dt — My 45 + 1Lk = O, VJ = a, b, C, Vk = 1, ey N (319b)
where:
. _ N
€ia Yia Va0 Zk:l Miak * Vdeiak VioO
>, - 7 . . — |5 — N . -
€iabe = | €ip| > Yijabe = |[lp| » Vi.CHB = |Upo | = Zk:l Mk * Vde,ivk | » Vi,o0 = [ Vi00
. _ N
€ic Yic VeO Zk:1 Myick * Vde,ick VioO
(3.20)

where, with reference to Fig. 3.2, i ;;; is the current absorbed by the DC load connected
to the DC-bus j, k, which for the SST under consideration will be the current absorbed
by the DAB connected to the j,k-th submodule. Instead, v;,0 is the voltage between the
neutral points of the converter and the grid. For the balanced three-phase operation of
the converter, it can be assumed to be v;,0 = 0. A reasonable simplification of the CHB

average model given in (3.19) can be done by considering equal DC-link voltages, i.e.:
Vde,ijk = Vdeis Vj=a,bc, Vk=1,..,N (3.21)

72



3.1. AC-DC ACTIVE FRONT-END RECTIFIER AND DC-AC INVERTER
MODELING 73

Considering also equal DC loads among the three phases for each string of submodules

(which means in symmetric three-phase load for each string), i.e.:
iLiak = Libk = ULick = tLik, VE=1,..,N (3.22)

Substituting eq. (3.21) and (3.22) in (3.19) leads to:

_ - d; b —
€i,abc — Rf,i Li,abc — Lf,z' % — Vde,i Mi,abc =0 (3238‘)
dvdc,i T - .
3Ci—=" = Miape biabes + 3ipa =0, Vk=1,.., N (3.23h)
where:
N
Zkzl Miak Miak
Mi7abc — Zfﬂvzl mlbk , mi}abc’k — mlbk , \V//{Z — ]_, ceey N (3.24)
25:1 Mjck Myick

Both the CHB average model descriptions, i.e. eq. (3.19) and (3.23), holds also for the
MV DC-AC inverters stage, in which the subscript ¢ becomes o being the inverter on the

output side of the SST.

3.1.2 CHB Average Model Validation

The CHB abc-frame average model developed in the previous Section is validated through
time-domain simulations in MATLAB /Simulink and PLECS. To do so, the grid-connected
CHB converter circuit given in Fig. 3.2 is implemented and then simulated. The CHB
converter is operated in AFE rectifier mode thourgh a dedicated control system, which
will be introduced in next Sections. Two different case-studies were considered to verify
the effectiveness of the average models, i.e. a balanced DC-load scenario in which equals
resistors are connected to the available 3x/N DC-links and an unbalanced case where
resistors of different values are connected. To deal with both balanced and unbalanced
operation, the average model implemented in simulation is the general one represented in
eq. (3.19). Table 3.2 reports the simulation parameters. In case of unbalanced operation,
resistance of the loads connected to the DC-links varies from the rated valued given in 3.2
by a few percent. Fig. 3.3 shows the simulation results in case of balanced DC loads. The
phase-to-ground converter voltages, the grid currents and the phase A DC-link voltages

are plotted, for both the switching and average models. As can be observed, the averaged
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Table 3.2: Simulation parameters for the validation of the CHB average model.

Quantity Symbol  Value
Grid RMS voltage E; 1.9 kV
Grid frequency fq 50 Hz

Grid filter resistance Ry, 0.5 €
Grid filter inductance Ly¢; 7 mH
N° of submodules N 4

DC-link capacitance C; 8 mF
DC-link rated voltage Vie,i 756 V

DC-link rated load Rac,i 14.84 Q

Converter Voltages
T T T I

=" 2000 /\ VaO(sw) Vb0 (sw) VeO(sw) B
? 1 VaO(avg) — VbO(avg) — VcO(avg)
&0 0 |
= , —
§ -2000 \J
I I | I
Grid Currents

e T —
= 100 |~ - T~ T~ | ia(sw) — == Uib(sw) —"= Tic(sw) | |
r 77;77,11((11/5]) Z’i‘b(avy) iz,c(a'ug)
= .
© 100 S —

Phase A DC-link Voltages

780

Vde,ia2(avg) ~ ~ ~ Vdejiad(sw) — Vde,iad(avg) Vde,ia4(sw) Vde,ia4(avg)

— | Vde,ial(sw) — Vdejial(avg) ~ ~ "~ Vde,ia2(sw)
2. prre—— g —— e
o) 760 |- ,r"/’!y 7%\*\=\ > i - 7%‘:\.\ /’/// ;(\\\_
o0 e \\\:\ A N > ad
g Py i
S 140k -
1 1 1 1
0.975 0.98 0.985 0.99 0.995 1
Time [s]

Figure 3.3: Comparison between the switching and the average model simulation results

of a grid-connected CHB converter working as AFE rectifier during balanced operation.

waveform contains only low-frequency spectrum (i.e. the fundamental component and
low-frequency harmonics). Basically, the average operator results in a low-pass filter

action whose cut-off frequency is half of the converter switching frequency [103,106]. Fig.
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Figure 3.4: Comparison between the switching and the average model simulation results

of a grid-connected CHB converter working as AFE rectifier during unbalanced operation.

3.4 demonstrates how the general CHB average model developed in this chapter is effective
and accurate also for unbalanced operation of the converter. As can be observed from the
figure, in case of unbalanced DC loads, the DC-link voltages drifts from the rated valued
Vie,i defined in Table 3.2. The new steady-state average DC-link voltage is defined based
on the operating point defined by each DC load. As it is clear from the image, the average

model can correctly predict each DC-link voltage based on the corresponding DC load.

3.1.3 CHB Average and Small-Signal Model in dq0 Reference
Frame

Being the SST control system developed in the rotating dg reference frame, the average
model represented by eq. (3.23) need to be transformed in the synchronous reference

frame. In this work, the amplitude-invariant Park’s transformation matrix is used to

generate the rotating reference frame, i.e.:

2w
cos (wt)  cos (wt - ?> cos

AN
w —
3

2 2 2
T = | —sin(wt) —sin|wt— ) —sin (wt+ = (3.25)
3 3 3
1 1 1
L2 2 2 _
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where w is the angular frequency at which the dg-frame rotates (i.e. normally at the
grid angular frequency w,) and the bold-face letters indicates, from now on, matrices.
Multiplying both sides of the equations (3.23a) and (3.23b) by Park’s transformation

matrix the following is obtained:

4 — -
Ry,
; Ui d €i.d M, 4 L_fz —wy 0 Ui d
1 Vde,i , R
d _ 1 _ Vdei | o Ryi 3 3.26
dt ti q Lf,l €i q Lf,’L M'qu w!] sz O Zlvq ( a>
10 €i.0 M; 0 0 Ry 130
Ui d
d 1 . iL,ik
G0 = 5 s Mo mioe] | i | & V=1 N (3.26b)
2%’0

\
Assuming the balanced and symmetric operation of both the grid and CHB converter, the
0-components in (3.26) can be neglected and, moreover, the dg modulation signal applied

to each CHB submodule string can be considered identical VEk, i.e.:

Mgk = Myd, Mygk = My g, Vk = 1, ceey N (327)
N N

= Mi,d = Z M ak = Nmi,d, Mi,q = Zmi,qk = Nmi,q (328)
k=1 k=1

Therefore, under the assumptions made here, a final general dq average model of a grid-

connected CHB converter in the compact form is given by:

(

Ry,
d - 1. 1 . L. 9=
dtli,dq szei,dq mNUdc,imi,dq - wf’ % Yidg (329&)
g L )
fi
d I Lp - UL ik
\E”dm’ = 2_C«imi,dqli,dq oA Vk=1,..,N (3.29b)

where, for simplicity, the DC load current can be expressed through a generic resistor

that models the power absorbed by the k-th DC load:
iLik = Vdei/ Racin, Yk =1,..,N (3.30)

Note that the system (3.29) is non-linear due to the cross-product between the modulation

indexes and DC-link voltage in (3.29a) and grid currents in (3.29b), since both terms are
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time-dependet functions. To design the control system based on the frequency domain
representation of the converter, the small-signal transfer functions need to be derived. The
dq small-signal model the grid-connected CHB is derived by perturbing and linearizing the
large-signal dq average model given in (3.29) around a steady-state (quiescent) operating
point [103,106]. A steady-state operating point can be defined solving the system (3.29)
considering the time derivative null (i.e. d/dt = 0). To do this, owing to a perfect
synchronization with the grid using the amplitude-invariant Park’s transformation matrix

given in (3.25), and assuming that the grid is balanced and symmetric, i.e.:

(

eia = V2F; cos (wt)
2m
e = V2E,; cos (wt — —) (3.31)

3
;e = V/2FE; cos (wt + 2%)
the following holds [107]:
id(t) = Eia, €iq(t)=Eiq=0 (3.32)
where
Eiq = V2E; (3.33)

the capital letters in (3.32) indicates the steady-state values. Considering for simplicity
the AFE rectifier operating mode of the CHB, i.e. unity power factor, the steady-state

g-component of the grid current will also be null, i.e.:
I, =0 (3.34)

Based on the assumptions made in (3.32) and (3.34), the steady-state values of i; 4(%),

m;ia(t) and m;,(t) can be calculated solving (3.29) in quiescent conditions, resulting
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in [108]:
(
8NRfin2 .
Ei - E2 _ "~ e ace
I, ‘ \/ e Rdc,i (3 . )
id = -
‘ 2R,
4R ivci
Mi,d = 1,1 Vde, (3'35]0)
4 ) 8NRf,in20i
Raci | Big—\| Eig— T
8NR;; V2,
weLy (E@',d - \/Eid — %)
de,i
Hem (3.35¢)

\ 2N Ry Vaes
where, when solving the system (3.29), the DC load currents defined in (3.30) are assumed
all equal (i.e. Rgecs = Raci, Vk = 1,..,N). Once the steady-state operating point is

defined, the small-signal perturbations (from this point on denoted with a "~" symbol

over the variables) around this equilibrium point are defined as:

€id=FEiq+€aq
€ig = Eig+ €iqg= €4

tig=Iia+tid

Miq = M;q+m;q
mig = Mg+ mig

(3.36)
(3.37)
(3.38)
big = lig +iig =1ig (3.39)
(3.40)
(3.41)
(3.42)

Vde,i = ‘/dc,i + Vde,i

The average model (3.29) is then perturbed and linearized as described in [103| by plugging
(3.36)—(3.42) into (3.29) and neglecting the second-order terms. Therefore, the CHB dg

small-signal model under AFE rectifier operation is finally obtain:

( Ry,
d= 1. 1 - Ly | Mia] - L )5
idg = T Cidg Nvdc,zmz dq ,N Vde;i . By tisda (343a>
dt Lfﬂ Lf i Lf ¢ Mi,q Wy Li
Iy
d 1 . 1 = ’5dci
doo L1, 15, B ‘ i do — ’ 3.43b
\ dt' ' = 2, [I%d [%,q] Midg 2C; [Mz’d M q} tidg RiciC; ( )
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<> <> <> <>I Ci== Ryc; gﬁdc,i
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2id ) Liyg 9 hd |7y

Miq

Figure 3.5: Circuit representation of the grid-connected three-phase CHB converter dg

small-signal model developed in (3.44).

an its expanded form is:

(

di; . -
L f,i% = Gia— Rpi iia+wyLlypiisg — NVies - 1hia — NMi g - Bge. (3.44a)
dﬁi ~ ~ ~ ~ -
Lf,i% = Gi’q - Rf,i . Zi’q - ngf,i *lid — NVdc’i . mi,q — NMi’q . Udc,z’ (344b)
dﬁdci 1 ~ ~ 1 ~ ~ {)dci
C; = — (Myi; M,i; — (Igmy; I,m;,) — : 3.44
\ dt 2 ( d? ,d + ql 7Q> + 2 ( am ,d + qm 7Q> Rdc’i ( C)

Based on (3.44), the circuit representation of the CHB dg small-signal model is shown in
Fig. 3.5. The CHB AFE rectifier dg small-signal model represented in (3.44) holds also
for the CHB inverter, for which the variables are marked with the subscript o instead of

7.

3.2 DC-DC Isolation Stage Modeling

The development of a closed-loop control strategy for the DC-DC isolation stage of the
SST investigated in this thesis, i.e. the DAB converter, is made, also in this case, by
means of the small-signal average model of the converter. To this extent, there are various
approaches to modeling the DAB converter. A common classification categorizes them
as reduced-,full-order models and discrete-time models [97,109]. In this work, except

for the discrete-time one, both reduced- and full-order models are evaluated. The main
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distinction among them is the modeling of HF'T dynamics. This is because the reduced-
order models completely neglect the dynamics of the HFT current ¢;, while full-order
models preserve it. In the next, a generalized full-order and a simplified reduced-order
average models are explored and compared in time-domain simulations. After choosing

the best one, the small-signal model of the DAB converter is finally derived.

3.2.1 Generalized Average Model of DAB Converter

The well known state-space averaging and circuit averaging techniques presented in [103|
are not suitable for modeling the HF dynamics of the DAB converter. This is because these
methods assume negligible voltage and current changes (small ripple assumption) during
one switching period, but in case of the DAB the HF'T current changes significantly during
a full commutation period. This is true also for other DC-DC converter topologies (such as
SRC) that transfer energy through AC waveforms. Indeed, small-signal models based on
state-space equations are widely used for PWM DC-DC converters because the switching
ripples on inductor currents and capacitor voltages are (or, at least, expected to be) small.
To deal with such problem, a more general approach which is called Generalized State-
Space Averaging method (GSSA) is proposed in [97] and [110]. This method approximates
state variables by a Fourier series expansion with time-dependent coefficients (while, in
the standard state-space averaging method the basic assumption of negligible voltage
and current changes during one switching period implies that the DC component of a
Fourier expansion is the predominant term over the full harmonic content). This averaging
method is based on the representation of a signal z(7) on the interval 7 € [t — T, t] by the

Fourier series [97,109):

o0

2(T) =Y (z)p(t)err (3.45)

—00

where wyq = 27 fsq in which f,4 is the DAB switching frequency and the complex number
(x)(t) is the time-dependent k-th Fourier coefficient. The model accuracy depends on
how many Fourier coefficients are considered during the series computation of the signal.
The conventional state-space, as said previously, is a special case of the generalized state-
space in which only the DC components are considered, i.e. only the coefficient £ = 0

are calculated. To include the fundamental AC components of the DAB HFT current i,
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Figure 3.6: Dual Active Bridge (DAB) schematic circuit.

the Fourier expression (3.45) must be extended so as to at least include the coefficients
k = 1. Including more complex coefficient will result in higher model accuracy but at
the cost of higher complexity. Therefore, a trade-off between the model accuracy and
complexity is usually done.

Considering the DAB circuit schematic represented in Fig. 3.6 and assuming, for sim-
plicity, that the transformer turns ratio is n = 1 and the employed modulation technique

is the PS square wave modulation, the following state equations can be written:

d . R

51 (T) Udc,i(T) o 82(7—)

- — 4
dtlt(T) I Zt(T) + I, I, Udc,o(T) (3 Ga)
d i 1 SQ(T) .

Evdc,o(T) = R—C,Ovdc,a(T) + I, it (T) (3.46b)

Being the modeling procedure intricate, it will be omitted here. The full explanation can
be found in [97]. The final generalized state-space average model of the DAB converter,

considering k = {0, £1}, is given by [97]:

r 1 _dsin(dm)  4cos(dm)]
Vde,0(0) RCO 7TCO 7TCO Vde,0(0) 0
d | | 2sin(dm) R, , 0
g | on | T T T Wsd |t e
' 2 cos (dm) Ry ; _c
(1) AN _ _-* (1I)
i 7TLt Wsd Lt ] 7TLt

(3.47)
where the subscripts 0 and 1 denotes, respectively, the DC and fundamental component,
whereas the subscripts R and I mean the real and imaginary parts of the complex coeffi-

cient and d is the phase shift ratio as introduced in Section 2.3.
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Figure 3.7: DAB large-signal reduced-order average model [109,111].

3.2.2 Simplified First Order Average Model of DAB Converter

The reduced-order average model of the DAB, also named simplified average model, is
based on the average power equation of the converter, already introduced in Section 2.3.2
as (2.16) and here reported again with reference to Fig. 3.6:

o ‘/dc,i ‘/;lc,o

Puop = —2i 7400
dab 2nfdet

d(1—|d]) (3.48)

Equation (3.48) simply ignores the HFT dynamics (being calculated as average equation
over one switching cycle Tyy) and it can be used to describe the characteristics of the
average input and output DAB quantities [109]. Indeed, from (3.48) and considering
Piaww = Paavin = Viei - I, the DAB average input current (over one switching cycle
Tsq = 1/ fsqa) when the PS modulation technique is employed is:

. ‘/dc,o
B 2nfdet

d(1—1d) (3.49)

Ly

while, supposing a loss-less conversion, the average output current is calculated from

(3.48) considering Pyup = Paab.out = Vico - 110 as:

d(1—|d]) (3.50)

The DAB large-signal reduced-order average model represented by equation (3.49) and
(3.50) is represented in Fig. 3.7.

3.2.3 DAB Average Model Validation and Discussion

Both the full-order GSSA and the reduced-order average model presented before are
validate and compared in terms of accuracy through time-domain simulation in MAT-

LAB/Simulink and PLECS. The DAB converter parameters used for the simulations are
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Table 3.3: DAB simulation parameters used for the average models comparison.

Quantity Symbol  Value
Input DC voltage Vie,i 756 V
HFT turns ration n 1
Load resistance R 14.84
Input capacitance C; 8 mF
Output capacitance C, 8 mF
Leakage inductance Ly 44.5 pH
Leakage resistance R, 0.4 mf
Rated Power P 48 kW

Rated phase shift angle — ¢"™  7/10 rad

Switching frequency fsa 12 kHz
1000 - i
900 + -
> 800+ .

Q'\
;“g 700 - -
600 - —— Switching model i
——GSSA full-order model

900 - Reduced-order model 7

0.04 0.06 0.08 0.1 0.12 0.14 0.16
Time [s]

Figure 3.8: Time-response comparison of the full-order and reduced-order DAB models.

listed in Table 3.3. Fig. 3.8 shows the simulation results for the switching model, full-
order and reduced-order average models in presence of a step-variation of the phase shift

angle ¢, which cause a step-variation in the output voltage v4.,. As can be observed,
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both average models correctly predict the output voltage variation, but the reduced-order
seems to be more accurate. Moreover, as pointed out in [109], even if this is not the case,
the GSSA model sometimes may result in steady-state error if high order components
of the HF'T current are ignored. Being the reduced-order model complexity pretty low
while still being pretty accurate, in this work it is chosen as modeling approach for the
DAB converter. Furthermore, as it will be shown later in the next section, by using the
reduced-order it is very simple and straightforward to derive analytically the control-to-
output and input-to-output transfer function of the DAB converter as functions of the
system parameters, thus highlighting how they affect the converter dynamics. In case
of the GSSA model, instead, the analytical expression of transfer functions may be dif-
ficult to derive because of high complexity of the model, therefore usually these transfer

function are expressed numerically.

3.2.4 Small-Signal Model of DAB Converter

As already described in Section 3.1.3, the small-signal model of the DAB converter is
derived by perturbing and linearizing the average model. For the full-order GSSA model,

perturbation are introduced in the input and control state-space variables as:

Ude,i (t) = Vvdc,’i (t) + f}dc,i(t) (351)
Vde,0(0) (t) = Viae,o(0)(t) + Vde,o(0) (t) (3.52)
i1r)(t) = Liar)(t) + gt(lR) (t) (3.53)
ian(t) = Lan(t) + gt(u) (t) (3.54)
d(t)=D+d (3.55)

Perturbing and linearizing the system (3.47) through (3.51)—(3.55), the following full-order

small-signal model for the DAB converter is obtained:

= A7 + Bil (3.56a)

81

S

— C7F (3.56b)

<y
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i 1 4sin (D)  4cos (D)
’&dc,o((]) RCO 7TCO 7TCO ’F)dc,o((])
d ~ 2 sin (Dﬂ') Rt ~
= E Lt(1R) =+ _ﬂ_—Lt _E Wsd | h@R) +
i) _%LéDW) . _% i)
L T Lt t E
-4 . -
H(It(m sin (D) — L1y cos (D)) 0
’ Vic.
+ 2-9°9) co5 (Drr) o |- (3.57)
V’Lt 2 6dci
dc,0(0) . ’
_ 9 de0l0) D __=
i I sin (D) ]
gl 100 {)dc,o(())
= 2| =0 1 0| - | uanr) (3.58)
Ys 001 i)

The control-to-output and input-to-output transfer functions can be then dervied solving

the following equation:

G(s)=C(sI-A)"'B (3.59)

where s is the Laplace operator and I is the identity matrix.
For the derivation of the reduced-order small-signal DAB model, perturbations (3.51),
(3.52) and (3.55) are introduced into DAB average current equations (3.49) and (3.50),

along with these other two:
ipi(t) = Ip.(t) +ip,(t) (3.60)
i,0(t) = Ipo(0)(t) +i1,(t) (3.61)
The resulting reduced-order small-signal model is given by:

~ e Vieo(1=2D) - D(1—-2D)
i = Glld G c,o — ; d

S 97 P = 9

Ve (1 — 2D)J+ D(1-2D)
2nfdet andet

Bdeo (3.62a)

iro=Gld+ Gge, = Baes (3.62b)

where GGY denotes the general transfer function from the input variable u to the output
variable y. Fig. 3.9 shows the circuit representation of the reduced-order small-signal
model developed in (3.62). Transfer functions G% and G% are the control-to-output-
current transfer functions, while G% and G represent the input-to-output transfer func-

tions. As can be seen, these transfer functions show simple expression and they depend
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Figure 3.9: DAB reduced-order small-signal model circuit representation.
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Figure 3.10: Bode diagram of the control-to-output voltage transfer function based on

full- and reduced-order models.

on the system parameters Vi.i, Vico, D, fsq, n and L,. Therefore, is straightforward
to evaluate how these parameters influence the dynamic behavior of the DAB converter.
Very often, the output voltage v, of the DAB is the variable under control [111]. From
the circuit analysis of the network depicted in Fig. 3.9, and supposing a resistive load
Ry, is connected to the output terminals, the control-to-output-voltage transfer function

G2 can be easily derived as:

Vdc,i (1 - 2D) Rdc,o

Gy =GY - Zrepap = 3.63
d 7 d T SrebAp 2 fale 1+ 8CyRac, (3.63)
Considering the parameters given in Table 3.3, (3.63) results in:
8404
vo (3.64)

dro 011875 + 1
While, in case of full-order small-signal model, instead, the transfer function G;° is derived

solving numerically equation (3.59) through MATLAB for the dynamic system represented
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by equation (3.57) and (3.58). With the parameters given in Table 3.3, the following is

obtained:
- —9.6-103s> — 1.7-108s + 3.7 - 104

G, = 3.65
dfo " g3 1 1.8 10452 + 5.8 - 1095 + 6.9 - 1010 ( )

As additional comparison between this two modeling approaches, Fig. 3.10 shows the
bode diagram of the control-to-output-voltage transfer function derived in (3.64) through
the reduced-order model and in (3.65) via full-order model. As can be noted, they are
quite similar, except for the high-frequency resonance between L; and C, which is, as
expected, only predicted by the full-order model. It is also evident the low-frequency
gain mismatch between Gy, and Ggffo, which may bring to steady-state errors because
the third and higher order components of i; are ignored [109]|. Considering that the HF'T
current dynamics are not the focus of this work, and given the simplicity and effectiveness
of the reduced-order small-signal model, the latter is chosen as modeling tool of DAB

converter for the control design and stability assessments presented in this work.

3.3 SST Control System Design

The SST is intended to provide advanced control functionalities to comply with grid and
load requirements, providing a flexible and smart system. Among many control features
required, active/reactive power flow control, reactive power compensation, power factor
correction, voltage and frequency regulation and power quality improvements are some of

them [13,32,42,43,81]. To accomplish this, the proposed SST control diagram is shown

PCC—1 1 CHB DAB CHB : PCC — 2
Ly; +[AC 1T—° T ° ' Lo
———— C; c, A/rrr\—,ﬂ/—l
: pel— 1 pel— T Ac| !
temmm-- J S J S A------- !

[ Local Voltage | Output Voltage Current

lController (Vae,ijk) ) [Controller (Vdc,ojk)] Llontroller (t0,d5 io’q)]

[ Cluster Voltage ) Power
Controller (Vg ;;) [Controller (Po, Qo)]

Current
Controller (ii,d’ ii,q)
Global Voltage Power
Controller (Vg ;) [Controller (P, Q;) ]

Figure 3.11: SST control diagram
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in Fig. 3.11. It shows the required functionalities for each stage of the SST. Based
on that, the presented SST control system has two main tasks: it is responsible for the
power routing of the converter along with the regulation of both input and output DC-link
voltages. For this purpose, the inverter stage regulates the converter power flow through a
current controller in the dq synchronous reference frame, while the AFE rectifier manages
the voltage balancing of its DC-links, i.e. the input-side DC-link voltages in this work
denoted with the label vg. ;5. Each DC-DC isolation stage, i.e. DAB converter, controls
the DC-link voltage at its secondary side, namely the output-side DC-link voltages vgc, ;-
The synchronization with the grid (in both sides of the SST') is achieved through a Phase-
Locked Loop (PLL). While the DAB and Inverter control loops are quite basilar, one major
challenge of this configuration is the AFE rectifier control system, that is in charge of the
DC-link voltage control and balancing. Imbalance arises from the uneven distribution
of the power between modules and between phases due to unbalanced loads, unbalanced
operation and modulation and different loss distribution among the devices. For this
reason, a three-layer hierarchical control structure is usually needed and in this work
adopted for the AFE rectifier, to achieve the voltage balancing of its submodules [42,112].

It structure is the following:

e Global Voltage Controller (GVC): the outer voltage loop, which provides a setpoint
of total active power needed to balance the global AFE DC voltage;

e Cluster Voltage Controller (CVC): required to redistribute the active power defined
by the GVC in a weighted way among the three phases, coherently with the per-
phase average DC voltage unbalance. This is done, for the star-connected CHB
considered in this work, through and injection of a zero-sequence voltage as described

in [112];

e Local Voltage Controller (LVC): the inner loop that rebalances the active power
drawn by each submodules within the same phase [43,89,113];

In the following, the overall control system adopted for each stage of the SST is presented,
described and the tuning procedure is reported. The emphasis is more on the AFE rectifier
control system, being it the most challenging stage to control in the proposed SST and,

also, the one that is more prone to instability issue due to its complex control structure.
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3.3.1 AFE Control System

The AFE rectifier control system is shown in Fig. 3.12. As aforementioned, its consists
of GVC, CVC, LVC besides the decoupled Current Controller (CC) and the PLL which
ensure the correct synchronization with the grid. The target of the AFE rectifier is
to enable the active power flow driven by the inverter stage and to control its DC-link
voltages. Additionally, it can provide reactive power to the PCC-1. Based on the DC-
link voltage deviation from the defined value Vj, ;, the GVC generates the set-point for
d-axis current i; ;. The g-axis current set-point 7, is, instead, generated based on the
eventual reactive power requested from the grid. The dg-axis current setpoints i} ; and
i;4 are then compared with the actual values and the resulting errors are sent to the
decoupled CCs, whose generate the dg-axis voltage setpoints for the CHB converter. The
textitdq-axis modulation indexes m;, and m;, are therefore generated. Through the
amplitude invariant Park’s transformation matrix given in (3.25), the control system is
synchronized with the grid by means of the PLL angle 6,, and the resulting abc-frame
modulating waveforms m;,, m;, and m;. are finally generated. In case of balanced

operation of the DC-link voltages, these modulation indexes are directly supplied to each

phase submodule (i.e. m;jx = m;;, Vj, k). When an unbalanced rises, either among

AFE — CHB

Voltage

?——-» Controller
h
1

tiabe 2 (Vde,ijh)

PLL

eia—abe /7% “g0 ]
e: :—-» ? +y+ Ciabe —{  Cluster
g ‘Y 1 N U
eic—l/ dq = O 04 iiabc —| Voltage [—2
T 2 (vge,ijt) —| Controller

Figure 3.12: Control system strategy of the CHB-based AFE rectifier.
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the three-phases or between the submodules of one phase, these modulation signals are
changed according to the CVC and LVC. The CVC takes over when the per-phase average
DC voltage (i.e. Vj.;;) drifts from each other, generating a zero-sequence voltage according
to the unbalance amount [112]. This voltage is summed to the voltage set-points for
defined for each phase by the GVC and CC. On the other hand, the LVC becomes active
when an unbalance among the submodules of one phase occurs. Based on a closed-loop
control action, it locally modifies the per-phase modulation index m;; thus generating
individual modulating signals that are applied finally applied to the respective submodules

[43,89,113]. In the next, the design of the AFE controllers is presented and discussed.

Current Controller (CC)

The current controller is the first to be designed if good decoupling of cascaded controllers
is desired. This is because the CC is the inner, and therefore the faster, controller of the
SST. It consists of two Proportional Integral (PI) controllers, each one controlling one
axis (either d or q) current errors. At the PI output, the decoupling between the dq axis
is done and the grid voltage is feedforwarded to enhance the dynamic performances of the
system. The PI gains are chosen so as to guarantee a fast current response while providing
enough phase margin to keep the system stable [103|. The loop bandwidth is limited by
the switching frequency of the CHB converter [114], which in this case is set to be 1.5
kHz. Table 3.4 reports the rated parameters of the SST system. Usually, choosing the
CC bandwidth to be one-tenth of the switching frequency is a good compromise between
system performances and stability [114]. The CC plant can be calculated by solving the
CHB dq average model presented in (3.44) through (3.59). In this case, the equivalent DC
load resistance is calculated as the ratio between the square of the DC-link rated voltage
Ve adn the DAB average power, i.e.:

Vi _ (756)°
prom 48 .103

Ryei = ~11.90 (3.66)

A simpler approach to derive the CC plant transfer function, which avoids to solve system
(3.44), is to assume that DC-link voltage variation can be neglected. This means that

Viei(t) = Viei. Therefore, the DC-link equation of (3.44) can be neglected, and the CC
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Table 3.4: System nominal parameters of the investigated SST architecture.

CHB parameters

Quantity Symbol Value
Grid RMS voltage E, E, 1.9 kV
Grid frequency fq 50 Hz
Grid filter resistance Ry, Ry, 0.5 2
Grid filter inductance Lyi, Ly, 1 mH
N° of CHB submodules N;, N, 4

CHB submodules switching frequency  fou, fswo 1.5 kHz
Submodule capacitance C;, C, 8 mF

DC-link rated voltage Vici, Vaeo 756 'V

DAB parameters

Quantity Symbol Value
DAB leakage inductance Ly 44.5 uH
HFT turns ratio n 1
DAB rated phase shift ratio D 0.1
Rated Power P 48 kW
DAB switching frequency fsd 12 kHz

plant for both dg axis is simply the grid filter admittance, i.e.:
1

GVt =G = — 3.67
e Ryatshy 397
The current PI controller is expressed as:
K
Gi(s) = Kp; + — (3.68)

The current PI controller is tuned considering a bandwidth of 250 Hz and a phase margin

of at least 75°. Based on the plant (3.67) and through MATLAB PID tuner app, the
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Figure 3.13: Bode diagram of the compensated current loop gain T,.(s).
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Figure 3.14: Step response of the current control loop.

resulting current PI controller is:

K
i _ gy 4 20 (3.69)

Gi(s) = Kp; + 5

Fig. 3.13 presents the bode diagram of the compensated loop gain Te.(s) = Gi(s)-G;'4(s),
clearly showing the crossover frequency and phase margin required. Finally, fig. 3.14

shows the step response of the presented current controller.

Global Voltage Controller (GVC)

The global voltage controller is responsible of the overall DC-link voltage balance. When
the input-side DC-link voltages diverge from the set-point Vj.;, the CHB must absorb

or release active power depending on the unbalance. Therefore, the GVC generates a
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d-axis current request. If the DC-link voltages are lower than the defined setpoint, the
CHB is controlled to absorb active power from the grid, whilst to release active power
thus decreasing the capacitor voltages. There are mainly two approaches to design the
GVC: one is based on the average capacitor stored energy, while the other is based on the

current balance at each DC-link node. In the first method, the variable under control is

2

dci- This is because the capacitor stored energy is

the square of the capacitor voltage v

directly proportional to its terminal voltage vﬁc,i. The main advantage of this approach is

that the system under control becomes completely linear [113]. Based on the procedure

presented in [115], the GVC plant is:

w2, Vi _ 2NRy4E;q
iy 6+ 830 Ry

(3.70)

id

The second approach is based on current balance at the DC-link node of each submodule
[105]. Considering the third equation of the CHB dg small-signal developed in (3.44),
and neglecting for simplicity g-axis terms since they are not involved in net active power

balance of the converter, the following equation is obtained:

dﬁdci 1 ~ 1 ~ @dcz’
Cy—9% — ~ Myis g + =Ly g — — 3.71
gt gl T gl T B (3.71)
By transforming it into Laplace domain, it leads to:
J 1 Ude,i
Cz' ci — < .i —[ ~z‘ - — 372
sCivge, 2Mdz d+ 5 lani R (3.72)

Solving the first equation of (3.44) for m, 4 in the Laplace domain yields to:

rhi d = <éi,d — (Rf,i + SLf’i)%@d + ngf,i . %z’,q — NMi,d . ﬁdc,i) (373)

Substituting (3.73) into (3.72), neglecting i;, (owing to perfect decoupled control) and
solving for vg.;, the following plant is obtained [105]:

NVieiMaRae; — 1gRaci (Ry; + sLy;)
N (2Viei + IgMaRc; + $2C;Vae i Rac:)

Gyt = (3.74)

The second approach is chosen in this work since simulation results shown better system
dynamics. The GVC Pl is finally designed based on the plant G;**, considering ten-times

lower bandwidth with respect to the CC one, to ensure proper decoupling among these
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Figure 3.15: Bode diagram of the compensated global voltage loop gain T,.(s).
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Figure 3.16: Step response of the global voltage control loop.

controllers, and a minimum phase margin of 75°. Through MATLAB PID tuner app, this
leads to:

0.7384

: (3.75)

Ky,
Gy(s) = Kyi + —2 = 0.02184 +
S

Fig. 3.15 presents the bode diagram of the compensated loop gain Ty,.(s) = Gu(s) -
G (s), clearly showing the crossover frequency and phase margin required. Finally, fig.

3.16 shows the step response of the presented global voltage controller.

Power Feedforward To enhance the dynamic performance of the system and increase
its stability boundary, suitable feedforwards can be added to the control system of the SST.
In this case, a power feedforward based on the active power requested from the inverter

stage (i.e. P,) is added at the AFE control. The power feedfoward is first transformed
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Power Feedforward
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. +
Vdc,i H?ﬁ

Figure 3.17: Inverter power feedfoward added at the AFE rectrifier ¢-axis current refer-

ence.

into a current feedforward and then is added to the GVC current setpoint, as Fig. 3.17
shows. It is demonstrated in the literature how such feedforward loop can help reduced

the AFE DC-link voltages sensitivity to load variations [116,117].

Cluster Voltage Controller (CVC)

Among the three layers of the DC voltage balancing control used for the AFE rectifier, the
cluster voltage controller is certainly the most complicated and crucial one since it has to
deal not only with uneven submodules operation but also with unbalances and abnormal
conditions of the power grid [112]. In the literature there are several approaches to deal
with the cluster voltage balance in a star-connected CHB converter. Typically, the can
be categorized in negative-sequence current or voltage injection and zero-sequence voltage
injection [112]. Both of them works pretty well in redistributing the active power among
three clusters, and in particular the regulation capability of negative-sequence current-
based approaches is very effective. However, the negative-sequence current and voltage
generated to balanced the clusters will be unavoidably injected in the power grid, which
is not preferred and allowed to preserve the grid power quality. Therefore, the second
approach based on the zero-sequence voltage generation is usually preferred [112| and
adopted in this work. Moreover, the three-phase CHB topology, i.e. star-connected or
delta-connected, determines a primary distinction among cluster balancing methods. If
in the case of a star-connected CHB a zero-sequence voltage injection is preferred, then in

case of delta-connected CHB a zero-sequence current injection should be considered. This
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Figure 3.18: Control block diagram of the Cluster Voltage Controller (CVC) of the CHB-
based AFE rectifier adopted in this work [112].

is because the zero-sequence current path is enclosed inside the converter due to the delta
connection of its phases, and therefore (as for the star-connected CHB) the power grid
is not perturbed when the cluster controller is working. The CVC implemented in this
work is designed based on the detailed description given in [112]. The CVC control block
diagram is represented in Fig. 3.18. The unbalances in phase a and b active power, i.e.
P, sy and Py, are obtained by means of two PI regulators whose error is the difference
between the average cluster voltage Vdc’ij and the actual one Vj.;;. On the other hand,
the uneven active power in phase C is calculated as the difference P. y, = =P, ss— Py b
so as the net unbalance power that has to be compensated generated among three phases
is null. This is required to do not interfere and contrast the active power reference
generated by the outer GVC. As fig. 3.18 shows, a feedforward control is also introduced
to improved the CVC dynamic performance. The zero-sequence voltage (and therefore
the associated zero-sequence modulation signal) is generated according to the uneven
active powers P, ry, By and P, g, which must be balanced. The full description of the
proposed CVC can be found in [112]. The CVC plant is therefore [112]:

B N
B SCz‘Vdc,ij

ngm J

(3.76)
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Figure 3.20: Step response of the cluster voltage control loop.

As for the CC and GVC, the CVC PI controller G, is designed considering ten-times
lower bandwidth with respect to the CC one, to ensure proper decoupling among these
controllers, and a minimum phase margin of 75°. Through MATLAB PID tuner app, this

leads to:

KC’L)C 4
Geue(s) = Keve + = = 150.96 + g (3.77)

Fig. 3.19 presents the bode diagram of the compensated loop gain Ti,.(s) = Gepe($) -
Goi? (), clearly showing the crossover frequency and phase margin required. Finally, fig.

3.20 shows the step response of the presented cluster voltage controller.
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Local Voltage Controller (LVC)

The goal of the local voltage controller is to ensure the balance operation among the
submodules of one CHB phase. To do so, various individual balancing methods have
been proposed in the literature. Depending on whether the local balance is achieved
through the modulation process or by means of a closed-loop control strategy, these
methods can be classified into two main categories [118,119]: modulation-based or control-
based approaches. The first category achieve the individual submodule balancing through
advanced modulation techniques, as sorting modulation, multidimensional space vector
modulation, etc. [119]. The second category relies on closed-loop controllers to guarantee
balanced DC-link voltages, as for example PI-based control [119]. In this work, the second
approach is selected as it presents faster dynamics. However, note that PI-based methods
may require a significant number of closed-loop controllers. The block diagram of the LVC
implemented in this work is shown in Fig. 3.21 and it is based on [113|. In this approach,
N-1 submodule voltages (i.e. V4cj1, ---, Vac,ij(v.1)) are compared to the average DC-voltage
of the same phase (i.e. Vdm-jk). Based on the errors, PI controllers generates output signals
that, when multiplied for the normalized current waveform of that phase (i.e. i, ;), give rise
to small DC voltage variations Avg. ;. For the N-th submodule, the small voltage change
is derived as negative sum of the others, i.e. Avg.ijn = —Avgeij1 — ... — Avgeijn—1)- This
is required, as explained in [113], to not interfere with the outer voltage controllers, i.e.
CVC and GVC, thus decoupling the three-layer hierarchical DC voltage control structure
implemented in this work. The small voltage variations are then divided by the available

global DC link voltage to generate small variation in the modulation indexes. Finally,

Voo
1 deyij
Z”dc,ijka@ - M j '
k Local Voltage Controllers
o+ Avgeijt 1 Amijig oyt Mi,j1
Vde,ijl O G, —1 X Vies O
o Avgeip == Amigp & ™ij2
Vde,ij2 G -1 (R—— Vaei
o - Avgeijv-1) = AMij(N-1) +xF | MmN
de,ij(N—1) O G -1 Vic,i A
i _px- Avge iin ,;1—| Am; jN + X mi N
XA ’S{ de,i U

Individual Modulation Signals Generation

Figure 3.21: Local Voltage Control (LVC) strategy of the CHB-based AFE rectifier.

98



3.3. SST CONTROL SYSTEM DESIGN 99

individual modulation signals are obtained as sum of the overall modulation signal defined
for the j-th phase, i.e. m;;, and of the small variation of the modulation indexes Am, ;.
The LVC plant is derived considering the DC-link node equation in the natural reference

frame, i.e.:

d
Ciavdcyijk = mdc’ijk . Z.iyj — iL,ijk; VJ = a, b, C, Vk = 1, ceey N (378)

Introducing small perturbation on the modulation index mge;jx in (?7?), i.e. Mgeijx, the

following is obtained:

d
Oi%”dc,z‘jk = (Mdcijk + Mdc,ijr) * 1ij — Lk, Vj=a,bc, Vk=1,..,N (3.79)
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Figure 3.22: Bode diagram of the compensated local voltage loop gain Tj,.(s).
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Figure 3.23: Step response of the local voltage control loop.
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Perturbing and linearizing eq. (3.79) and solving it in Laplace domain, the LVC plant is

obtained as:

A

Vdeis {)d,"k [.7,
Ganlh = == = —= (3.80)
* Mgeigr SC;

Based on (3.80), the LVC is tuned considering a bandwidth lower than the switching
frequency of the CHB (since the modulation signals are updated every Ty, and a faster
update ration is pointless). Note that there is no need to guarantee a LVC bandwidth ten-
times lower that the one of CC because, following the procedure reported here, the LVC
is completely decoupled. Through MATLAB PID tuner app, the following is obtained:

10

K’UC
Groe(s) = Kppe + —2 = 0.5 + (3.81)
S

Fig. 3.22 presents the bode diagram of the compensated loop gain Tj.(s) = Gpe(s) -
Vdcijk . . . .
G Amjijk(s), clearly showing the crossover frequency and phase margin required. Finally,

fig. 3.23 shows the step response of the presented cluster voltage controller.

3.3.2 DAB Control System

In the standard control mode operated for the SST under investigation, the DAB converter
regulates its output voltage v4c k- Fig. 3.11 shows its control strategy. For general
purpose of the converter, an output current control has also been implemented. This is
useful when the inverter stage of the SST topology is replaced with an active load such as
a battery or PV [111]. For the DC-DC converter voltage control, as highlighted in Section
3.2.4, the plant is the control-to-output-voltage transfer function G derived through the
reduced-order small signal model (3.62), here reported for clarity of the text:

Vdc,i (1 - 2D) Rdc,o

Gy =Gy - Znepap = nfuly 1+ CyBa (3.82)
While, in case of output load current control, the plant is derived as:
1
Gi" =G chfZR - %CQQ?SZLfD) ! SfORd ) WC’S&ZL?D) 1 +sc1*oRdc7o 359

sC,
For both voltage and current controllers, i.e. G,pap and G;pap, the bandwidth requested

is set to be in the range of 200-300 Hz. As for the AFE controllers, the phase margin
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Figure 3.24: Control strategy of the DAB converter.

must be greater on at least equal to 75°. This leads to:

K abo 8.12

Gopan(s) = Kpdany + —2% = 0.02 + - (3.84)
Kidab,i 96.53

Gipap(s) = Kpdav; + —IZ b= 0.24 4 . (3.85)

Fig. 3.25 presents the bode diagram of the compensated loop gain T, pap(s) = Gupan(s)-
G (s), clearly showing the crossover frequency and phase margin required. Fig. 3.26
shows the step response of the presented cluster voltage controller. Fig. 3.27 presents the
bode diagram of the compensated loop gain Tjpap(s) = Gipag(s)- G5 (s), clearly showing
the crossover frequency and phase margin required. Fig. 3.28 shows the step response of

the presented cluster voltage controller.
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Figure 3.25: Bode diagram of the compensated DAB voltage loop gain T,pap(s).
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Figure 3.26: Step response of the DAB voltage control loop.
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Figure 3.27: Bode diagram of the compensated DAB current loop gain T,pap(s).
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Figure 3.28: Step response of the DAB current control loop.
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3.3.3 Inverter Control System

Fig. 3.29 shows the control block diagram for the Inverter stage of the SST. It basically
consists of only a current controller, being its DC-link voltages regulated by the DAB
converters. The design procedure for the CC of the Inverter stage is the same explained

for the AFE rectifier, therefore it will be omitted here.

Inverter — CHB

€0,d€0,q Tod togq
Current Controller @ ea e

Mo,a

Mob

Mo,c

PLL

eoa —labe /0% “g0

€o,b — leo,q +3+ 1

€o,c —>| dq PI O 5 99

Figure 3.29: Control system strategy of the CHB-based Inverter.

3.4 Simulation Results

The developed SST average model was tested in time-domain simulations in MATLAB/Simulink
to verify the correctness of the modeling procedure and the proper operation of both the
SST and the control system. The simulation parameters are defined according to Table

3.4. The following test scenarios are evaluated:

1. Steady-state operation: the SST absorbs P;=127 kW from Port 1 and therefore

P,=-127 kW. No reactive power on both ports is exchanged (see Fig. 3.30);

2. Load step: after having reached the steady-state, at t=1.2s P; is increased of about
40 % (see Fig. 3.31);
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. Reactive power exchange with Port 1: after having reached the steady-state, at

t=1.2s Q; is set to be 50 kVAr (see Fig. 3.32);

Reactive power exchange with Port 2: after having reached the steady-state, at

t=1.2s @, is set to be 50 kVAr (see Fig. 3.33);

. DC-link voltage increase: after having reached the steady-state, at t=1.2s Vj ; is

set increased of 5 % with respect to the nominal value (see Fig. 3.34);

Port 1 grid voltage [V]
| | | | I
Cia —€ip

Port 1 grid current [A]
T T T T I

Port 1 converter phase-to-ground voltage [V]
T T T T I

VbO

AFE DC-link voltage [V]

"""""'"""""'""""""""""‘ —Vdejial — Vde,ibl Vde,icl

Port 2 grid voltage [V]
| | | | I
€oa —€Eob

eocI_

I I I I I
Port 2 grid current [A]

L

Yoa Lob Loc

Port 2 converter phase-to-ground voltage [V]
T T T T I
—UgO0 — U0 —— UcO

Inverter DC-link voltage [V]
T T T T I
Vde,0al Ude,0b1

Vde,ocl b(

Figure 3.30: Steady-state operation simulation results.
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Figure 3.31: Load step simulation results.
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Figure 3.32: Reactive power exchange with Port 1 simulation results.
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Figure 3.33: Reactive power exchange with Port 2 simulation results.
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Figure 3.34: DC-link voltage increase simulation results.
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Chapter 4

Stability Analysis of Three-Phase

Triple-Stage Solid-State Transformer

4.1 Stability Analysis Background and Motivation

Nowadays, power electronics converters play a crucial role in a variety of applications
ranging from RES/ESSs integration to transportation and smart grid facilities. Because
of the today’s need of efficient, smart and reliable electric systems, their deployment is
continuously growing. However, power converters show non-linear behavior due to their
switching dynamics. Therefore, during their operation they inherently produce harmonics
and, moreover, they could interact with each others and/or with other equipments gener-
ating disturbances and unwanted interactions. Furthermore, power electronics converters
are usually operated under closed-loop control mode. This adds an additional element
of complexity to the overall system operation because the closed-loop control typically
reshapes the converter dynamic behavior. To deal with such disturbances, the need for
robust stability analysis becomes ever more pressing. Stability analysis is a fundamental
tool in the design, optimization, and operation of power electronic converters and control
systems, providing critical insights into their dynamic behavior and response to various
operating conditions, disturbances, and uncertainties. By comprehensively evaluating
stability, engineers can mitigate the risk of undesirable phenomena such as oscillations,
instability, and system failures, thereby enhancing performance, reliability, and life-time

of power electronic devices.
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Instabilities may involve both AC and DC systems. In the first case, usually instabili-
ties arise from interaction among the converter control or switching dynamics and the grid
ones [120,121]. Also, undesired interactions may also arise between different converters.
On the other hand, in DC networks instabilities often results from the () behavior that
causes a negative incremental input impedance at the DC converter terminals [122-125].
This is due to the constant-power control often used in such systems.

The SST is a complex power electronics-based system featuring structured control
architecture. Moreover, it has to deal with both AC and DC quantities, being it a grid-
connected system (in some case even interconnecting multiple grids) and providing DC-
buses for the integration of various DC sources and loads. Therefore, in order to guarantee
the proper operation of the SST, stability analysis is fundamental for such system. Among
many approaches that can be used to assess power electronics stability issues, when dealing
with linearized models such as small-signal models there are mainly two methodologies:
the state-space analysis and the impedance-based analysis [121]|. The first typically results
in high-order system when the control system is integrated into the open-loop converter
model. Furthermore, converter and control parameters need to be known in order to
develop the state-space model. On the other hand, impedance-based modelling captures
the converter dynamic behavior as transfer functions [121,122]. The converter operation
can be characterized by an impedance seen at its output or input terminals. Therefore,
when interconnected with other converters or with the grid, stability can be evaluated
by means of an equivalent circuit through circuit analysis tools. The impedance-based
analysis is nowadays widely preferred over the state-space one because it offer the great
advantage of allowing the black-box modeling of the converter [121].

For the reasons highlighted above, in this work the impedance-based analysis is chosen
as approach to assess the SST stability. Furthermore, in this thesis both DC and AC
stability issues has been investigated. The aim of the analysis proposed in this work is to
provide a valuable design SST tool from both the control and system level perspective.

In the next two Sections, both DC and AC stability assessments are presented.
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4.2 Impedance-based DC-Link Stability Analysis

In DC distribution systems, potential stability degradation may occur when switching
converters are connected to a common bus. There are two possible explanations for this
phenomenon. The first interpretation is that the stability degradation is due the interac-
tions among the feedback loops of the interconnected converter. The second interpretation
considers the issue to be caused by the CPL effect. In general, converters tend to act as
CPLs at their input terminals when subject to tight feedback regulation within their
control loop bandwidth. CPLs have a negative incremental input impedance, which is
the cause of the subsystem interaction problem and origin of the undesired destabilizing
effects. Although each subsystem is designed to be stable independently, a system consist-
ing of multiple power-electronics-based subsystems may experience a decline in stability
due to subsystem interactions caused by CPLs. The subsystem interaction may substan-
tially alter the control bandwidth from the standalone case and may compromise control
stability both at the converter and system level. Therefore, because of its complex control
structure, which has been presented in Section 3.3, the SST is a conversion system highly
prone to instability and to performance degradation if not well designed. However, the
SST stability issue has been barely ever addressed in the existing literature. In [126] a
stability analysis has been performed for a system composed of a rectifier connected to a
DAB converter, but the control changes depending on the power flow direction. Acharya
et al. [127] performed a stability analysis on medium-voltage (MV) SST, which, how-
ever, is not a multilevel configuration with multiple building blocks. In [128], Ye et al.
investigated the stability of a SST considering a single control for the DAB regardless
of the power flow direction, but the analysis is only focused on the dc bus. In [129] a
comprehensive analysis regarding the stability and control is carried out considering bidi-
rectional power flow in the case of a single-phase SST. However, as shown in Section 3.3.1,
three-phase converters require a different voltage balancing control scheme.

In case of multi-stage cascaded system such as a SST, the direct link between two cas-
caded systems is the output impedance of the upstream converter and the input impedance
of the downstream converter. Thus, the behavior of the cascaded system can be influ-

enced by those two impedances. The effect of the multilayer control system and of its
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Figure 4.1: Triple-stage three-phase ISOS-connected SST topology connected between

two electrical grids.

bandwidth can alter the impedance shape at the dc-link interfaces. To ensure the system
is stable, one approach can be the Middlebrook’s stability criterion, which is based on
the converter impedance-model. Cascaded converters need to satisfy the Middlebrook’s
criterion to avoid unwanted interaction between subsystems [130].

To fill the discussed literature gap, in this Section the DC-bus stability of the SST
is presented, providing a comprehensive stability analysis of the triple-stage three-phase
modular SST topology previously introduced in this thesis, whose circuit diagram is shown
in Fig. 4.1. As stated above, the analysis is based on the converter impedance-model
which will be derived through the small-signal models presented in Sections 3.1 and 3.2.
The Middlebrook’s criterion is then used to guarantee a stable system.

For the rest of the work presented in this Section, the nomenclature used in equations
follows the one exhibited in Fig. 4.1. Also, in this section the subscript i denotes the
submodule number, i.e. ¢ = 1, ..., N while the subscript j, as for Chapter 3 refers to the

phase, i.e. 7 =a,b,c.
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Figure 4.2: SST input and output transfer functions diagram.

4.2.1 Problem Statement and Methodology

As mentioned before, in this thesis the converter DC-link stability assessment is performed
through the Middlebrook stability criterion [130]. For two cascaded systems, the sufficient
condition expressed by (4.1) should be met for every operating point to ensure the stability
[130]:

1 Zout ()11 < 11 Zin(3)] (4.1)

which means that the input impedance of the downstream converter needs to be higher
than the output impedance of the upstream stage. By evaluating the converter closed-
loop impedances at both PEBB interfaces, i.e. at input DC-link which interfaces each
AFE submodules (i.e. MVdc-linkl with reference to Fig. 4.1) with the DAB converter
and at output DC-link interface that connects each DAB converters with the Inverter
submodules (i.e. MVdc-link2), the stability of the SST can be analyzed. Fig. (4.2)
shows the closed-loop impedance transfer functions ZS% o p, 2S5 4 5, 265 5 4 5 and Z$E )
which are respectively the closed-loop AFE output impedance, DAB closed-loop input
and output impedances and the closed-loop Inverter input impedance, that need to be
derived in order to assess the stability issue of the SST converter considered in this work.
Note that the effect of the hierarchical voltage control loop on the individual MVdc-link1
voltages is therefore taken into account by performing the analysis on the single SST
PEBB.

In the next section, the analytical expression of the SST impedance transfer functions

is presented through the derivation of the small signal model for each conversion stage

based on the converter average model developed in 3.1 and 3.2.
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4.2.2 SST DC-bus Impedance Model Derivation
Active Front-End Rectifier Impedance Model

For the AFE rectifier, the DC-bus impedance model is derived starting from the CHB-
based AFE dq small-signal model given in (3.44) and represented by the equivalent circuit
shown in 3.5. Thus, recalling (3.44) and referring to the nomenclature of Fig. 4.1:

R, NMyq Loy NVee . v
~ _— w — ~ e — ~
a| N T o Loy b NV, e
a = _ - I A < ~ NVpci ~ 4.9
at | " “Tn T ng |t 0 L, 0 e (4.2)
l~}ch % % 0 f}DCl 0 0 ﬁ & ,i ﬁllq
20, 20, 20, 20, c B
L tDAB1 ]

By sorting out (4.2) to develop the state-space equations, the AFE rectifier model is

then transformed into Laplace domain and, through eq. (3.59), the following solution is

obtained:
V14
i1a Gyt Ghe Gheo e G ar
he | S| G GR Gl G, G, || (4:3)
Upct Giocr Gyber Gpar Ghber GRPOL Mg
I ipABI |

where GY denotes the transfer function from the input variable u to the output variable

y. Eq. (4.3) dynamic behavior of the AFE converter. Note that —G;>“! represents the

IDAB1

AFE converter open-loop transfer function Z9% , o, which is defined as:

Upci
ZOOU%AFE: = (4-4)

UDAB1 I =01 4=M14=14=0

To derive the AFE closed-loop output impedance, it is necessary to include the effect of
the control actions on system dynamics. The AFE control system was previously intro-
duced and designed in Section 3.3.1, along with the DAB and Inverter control schemes.
Based on that, Fig. 4.3 shows an overview on the SST control system considered for the
DC-bus stability analysis presented in this Section, whose new nomenclature is defined
according to Fig. 4.1. Considering first the LVC, the corresponding control block diagram
is derived based on Fig. 3.21 and it is depicted in Fig. 4.4. Taking into consideration
the DC-side equation of the i-th HB inside the j-th converter phase given in (3.78) and
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Figure 4.3: Overall SST control system considered for the DC-bus stability analysis carried

out in this Section.

supposing to introduce a small variation of the modulation index, (3.78) can be rewritten

as:

sC1Ope1ji = (Mayji + AMyj;) glj + 11y +]1jA~7n1ji _%DABljzﬁ Vi=a,bc, Vk=1,..,N
(4.5)
At this point, considering the sum of the N dc voltage inside the j-th phase and assuming
that vpcij1 = ... = Upcijn = Upciji, the following is obtained:
My;  NAM;\ ~ NI, NI N -
15 + 15 >21j+ 1j 1

~ ~ i -
E Upciji = Nvpciji = | N —myj; +—Amyj; — —ipapiji
. J J 801 801 801 J SCl J SCl J

(4.6)
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Figure 4.4: Local Voltage Control block diagram.

Y

The term NAM,; is the sum of the steady-state variations of the modulation indexes of
the N HB submodules inside the j-th converter phase, which is always null according to
the LVC scheme outlined in this Section, which has been designed in order to obtain the

decoupling among voltage controllers as explained in [113]. Therefore (4.6) becomes:

N© N Muiy; o N N, N (4.7)
DC1ji = 1j 1ji 1ji — DABLji .
I sC} Tosey Y sCy " sCy 7
GVC (dgq control) LvC DC-Load

The first two terms of (4.7) correspond to the GVC effect on the dc link voltages through
the dq control loop, while the third term of the equation represents the LVC effect and
the last one the load effect. Thus, according to the diagram given in Fig. 4.4, the LVC
plant is given by:

I
GRv ==L 4.8
Amlji SCl ( )

Then, according to the AFE dq small-signal model circuit representation given in Fig. 3.5
and according to Fig. 4.4, the transfer function between the average dc-link voltage vpcq

and the i-th HB submodule local voltage vpc1;, namely Gy2¢%, can be expressed as:

Gpen_ UDC1 1

i - - 4.9
UDC1 Upc V=0 1+GLGAU ( )

Amyji
where G, is the local voltage PI controller.

The CVC controller scheme was presented in Fig. 3.18. However, the CVC operates
only during transients, providing practically null contribution at steady-state. Therefore,
because the DC-bus stability analysis of the SST is performed at steady-state conditions,
the effect of the CVC on the system stability can be neglected.

Based on these assumptions, the AFE control block diagram is derived according to
both the inherent plant description given in (4.3) and control system represented in Fig.

4.3 and it is shown in Fig. 4.5. In the figure, boldface capital letters are used to denote
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Figure 4.5: The CHB-based AFE rectifier control block diagram.
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transfer function matrices while boldface lowercase ones to denote vectors. Except for the

terms already specified in the text, the plant transfer functions

G, ., are defined based on (4.3) as:

GQvPC  — (Fvpct

'DAB tDAB1

vpCe
Gm = |Gvpct G’UDCl]

mid Mmiq
i1d 114
Gi — Gmld Gmlq

i1q i1
Gmld qulq

i1d

i o IDAB
GiDAB - Gilq 1
iDAB1
the remaining transfer functions are defined as:
Ky
KPU + !
v pumy
0
K
G Kp; + ! 0
_ s
1= K
0 Kp; + f
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Gloe = (4.16)
—CULl 0
10
G = (4.17)
0 1
e¢~sTa 0
0 e 5T
where [131]:
3
Tqy=151,, = — 4.1
d 5 SW 2fsw ( 9)

in which fy, is the switching frequency of the AFE.
Based on the AFE control block diagra, and neglecting for simplicity the cross coupling

matrix Gy, the AFE output impedance under current closed-loop can be derived as:

CL(G:) Upcii vpes [ w v ; v i
ZoutAFE R = _G’Uggi (Gigfél + Gﬁ”ﬂSleGi}DdAm + Gﬂ”ﬁflK‘lGigAm)
DABLIL =17, =0
(4.20)
where:
G G
K, = PWM 1 — (4.21)
NVper = Gpyn GGl
G G
K, PWM 1 (4.22)

NvDCl - G'PVVMcylc;;l”bqlq

Finally, the AFE output impedance under voltage and current closed-loop control is given

as:
~ ) ZCL(Gi)
ZCL _ UDC1i _ outAFE (4 23)
outAFE — ~ - 1 — NK G’UDCMG GUDCl .
1DAB1 Ve =I5,=0 dYvpc1 BVimyg

Dual Active Bridge Impedance Model

For the DAB converter, the impedance model is derived starting from the reduced-order
small-signal model presented in (3.62) and represented by the equivalent circuit shown in
4.6, that reports the variable nomenclature used in this Section. Note that ipco represents
the small-signal perturbation on the Inverter DC-side current request. Based on the

DAB control block diagram given in Fig. 4.7, defined considering only the voltage-control
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Figure 4.6: Dual Active Bridge small signal model.

1 =+ =
> GUIZ ﬁ—? 11
+
G
" + v CZ in + '1:2 + 'ic2 V9 _
Vo' —>O—>Gupap—> G f Gicy > U2
e o

Figure 4.7: Voltage control block diagram model of the DAB.

mode of the DAB (cfr. 4.3 for the whole control strucutre), the closed-loop DAB input

impedance is: ‘
A o 1+ G;)CQQG?GUDAB | (4.24)
" i lvg (G, — GG ypap) G2GE

1c2

where ”ZDCQ is the dc current absorbed by the Inverter according to Fig. 1, évD AR 1s the

DAB voltage controller and G737 is defined as:

1
2= — 4.25
1c2 802 ( )
Then, according to Fig. 4.7, the closed-loop DAB output impedance is given by:
- G2
ZoCu%DAB: — = (4.26)

tDC2 |V =5,=0 14 G2 G? GupaB
Inverter Impedance Model

In this work, the Inverter stage is connected with the Grid 2 and it exchanges active and
reactive power with it. As outline in Section 3.3, the Inverter control loop consists of
a simple current control in the dg reference frame. Thus, the Inverter stage drives the

power across the SST and therefore it is responsible for the SST power routing. The
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Figure 4.8: Inverter control block diagram.

Inverter small signal model is exactly the same presented for the AFE rectifier except for
dc-link voltages being now input variables and no more state variables, as the voltage at
MVdec-link2 is controlled by the DAB converters. For this reason, the small-signal plant
derivation is omitted here as the procedure is the same given for the AFE stage. As for
the AFE, the inverter control block diagram is derived based on both plant and control
system and it is depicted in Fig. 4.8. The transfer functions G.. and G py ), are the same

introduced for the AFE control diagram, while G4.. and G;;yy are:

0 wlL
Glee = ? (4.27)
—CULQ 0
K,
G Kpirnv [NV 0 (4.28)
iINV = Ko .
0 Kpirnv [NV

The plant transfer functions G'>¢2, G, Gf}"’D o, and G'»°* can be derived following the

same procedure presented for the AFE converter.

The input impedance ZS%, is thus derived from the Inverter control block diagram

m
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depicted in Fig. 9 and it is given as:

20k — TZDCQi _
" ipc2 l1g,=13,~0
. ; . . i i iog i -1
[ NVpeeGi G2 + GpwuGiunv G2, Goc N NVpcaGupe, Gip @ + GrwmGirny Gup e, GiEC?
NVpcs — GpwuGinvGis, NVpes — GpwmGinv G,

(4.29)
where Gﬁfdm, Gipez, Gﬁfq” and Gi{fgf are DC-side Inverter transfer functions derived
through its small-signal model given as:

; Mg
1DC2 __
: Irq
1
Gz = Y (4.31)
) M,
1DC2 __ q
GiPo> = - (4.32)
) I
7 _ q
G2 = ) (4.33)

4.2.3 DC-bus Impedance Model Validation

Table 4.1 shows the model parameters and the rated steady state values together with
controller gains used to validate the transfer function equations (4.23), (4.24), (4.26) and
(4.29) which were derived analytically in the previous subsections. The SST analyzed
in this work has been simulated in MATLAB/Simulink with the parameters given in
Table 4.1. The AFE closed-loop output impedance, the DAB closed-loop input and
output impedances and the closed-loop Inverter input impedance were mapped through
the controlled injection of perturbation sinusoidal signals at given frequencies covering the
range 0.01 Hz - 5 kHz. The comparison between the impedances derived analytically and
the ones obtained from the frequency response is reported in Fig. 10. Considering the AFE
and DAB output impedances, represented in Fig. 4.9a and Fig. 4.9¢, the low impedance
value at low frequencies depends on the high gain of the voltage controller (GVC in case of
the AFE rectifier) in the same region, while the frequency value at which the impedance
slope changes correspond to the voltage control bandwidth. Above that frequency, the
dc-link capacitor affects the impedance magnitude, which falls at a rate of -20 dB/decade.
Regarding the DAB and Inverter Input impedances, shown in Fig. 4.9b and Fig. 4.9d, the

low frequency impedance gains is influenced by the feedback effect and by the component

121



4.2. IMPEDANCE-BASED DC-LINK STABILITY ANALYSIS 122

Table 4.1: SST system parameters used for the DC-bus stability analysis of the SST.

Symbol Value Symbol Value

V1, Vo (RMS) 1.9 kV Mg, My, 0
f 50 Hz n 1

Lo, Lo 2 mH fsp 12 kHz

Ry, Ry 0.5 L; 45 uH

L, Ioq 118,-118 A D 0.1

Lg, Isq 0A Kpy, K1, (Gy) 0.022, 0.738

Cy,Cy 8 mF Kp;, K1 (Gr) 6.3, 9057

Vber, Vbes 756 V Kpiinv, Krianv (Ginv) 6.3, 9057

Mg, Maq 0.88 Kpaabvs Krdaww (Gopap)  0.02, 8.126

AFE closed-loop output impedance Z5%, ..

20 - Analytical model|]
0¢ ® Simulation 4

DAB closed-loop input impedance Z$% , 5

Analytical model 4
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Figure 4.9: Validation of the analytical impedance model derived in this Section through
time-domain simulations. (a) AFE output impedance, (b) DAB input impedance, (c)

DAB output impedance, (d) Inverter input impedance.
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values and rated conditions at which the DAB and Inverter are designed. The change
in the impedance slope occurs instead at the frequency corresponding to the bandwidth
of the voltage controller for the DAB impedance and of the dq current controller for the
Inverter impedance. The high frequency slope of the impedances depends on the influence
of the dc-link capacitor C2 for the DAB impedance whereas on the Grid 2 line filter for
the Inverter impedance transfer function. SST system parameters used for the DC-bus

stability analysis of the SST.

4.2.4 DC-bus Stability Assessment

In this section, the stability issue of the proposed SST converter is discussed. The aim
is to point out how the controllers and the operating conditions affect the SST stability.
As can be noted from the converter transfer functions and thus from the small signal
models derived previously, the system stability is influenced by the parameters selection,
the steady state values defined by the operating conditions and by the controllers tuning.
Assuming that the parameters selection has been done to achieve a desired converter
design and performances, the stability analysis discussed here takes into account only the
effect of the voltage controllers and of the relevant operating modes. The rated values

and parameters of the converter, which was simulated in Simulink, are given in Table

Closed-Loop AFE output impedance
Closed-Loop DAB input impedance

Magnitude (dB)

50 L L L L
10! 10° 10 10° 10°

270 1 T /

180

90
OK

-180
107!

Phase(deg)

o
S

L L L L
10° 10 10? 10° 10*

Frequency (Hz)

Figure 4.10: AFE output impedance and DAB input impedance under the stable rated

scenario given in Table 4.1.
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Table 4.2: Case studies for the DC-bus stability assessment of the SST under investigation.

Case Study Parameters of interest Value
CS-1 Ly, I>g -118,+118 A
CS-2 I, +118 A
CS-3 I 118 A
CS-4 Mg, Moy 0.2

4.1. For these values, the SST is stable as shown in Fig. 4.10, since the Middlebrook
criterion is satisfied for both MVdec-link interfaces. Fig. 4.11a shows how the change
in GVC and LVC bandwidth for the AFE influence the impedances shape. The same
comparison for the DAB converter is made in Fig. 4.11b as the voltage control bandwidth
changes. When the voltage controls bandwidth decreases, the PI controllers proportional
gain decreases and the system become more unstable due to slow response of the control
to a perturbation, which may cause the system quantities to diverge. This appears as an
increase in magnitude for the AFE and DAB output impedances. Regarding the impact
of the operating modes on the converter stability, the direction of the power flow, the
exchange of reactive power and the low voltage mode are relevant case studies, which
may cause instability in the SST converter investigated. This is because, as can be seen
from the small signal models discussed in Section III, the steady state variables, which
may influence the converter impedances and hence the system stability, are mainly the
direct and quadrature steady state component of the grid currents I4, I24, 1, and I5, and
the direct steady state component of the modulation index M7, and Ms,. Thus, based on
the rated values given in Table 4.1, four case studies to be analyzed are defined in Table
4.2. For each case study, it is indicated a new value for the parameters of interest, while
the other parameters remain those expressed in Table 4.1. Fig. 4.12a and Fig. 4.12b show
the new impedances shape for the case studies given in Table 4.2. As can be noted in Fig.
4.12a, the DAB input impedance is not sensitive to a change in operation mode for the
SST, while in the case of the AFE, the output impedance rises in case studies CS-1 and
CS-4 whereas the case studies CS-2 and CS-3 do not affect in any sense the AFE output
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Figure 4.11: (a) influence of the GVC and LVC loops on the AFE output impedance; (b)
variation of the DAB impedances depending on the DAB control bandwidth changes.
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Figure 4.12: Variation of the SST impedance under different operating scenarios given
in Table II. Different line styles identify the four different operating scenarios. (a) AFE
output and DAB input impedances, (b) DAB output and Inverter input impedances.

impedance. Thus, the direction of the power flow and the voltage rating at which the SST
operates may cause instability in the system. Meanwhile, as Fig. 4.12b shows, the DAB
output impedance and the Inverter input impedance are not affected by the operation
mode expect for the case study CS-4, in which the lower steady state direct component
of the modulation index causes an increase in the Inverter input impedance magnitude,
which however increases the system stability at the MVdec-link2 interface. To validate

this analysis, the SST model was simulated with the parameters given in Table 4.1 as
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the case of stable system, and with the parameters given in Table 4.2 for the unstable
scenarios CS-1 and CS-4. Fig. 4.13a shows the stable operation of the converter at the
Port 1. At t = 1.2 s the active power absorbed by the SST from Grid 1 is reduced from
about 470 kW to 370 kW, while at t = 1.6 s and t = 2 s the reactive power is set to be
-185 kVAr and +140 kVAr respectively. As the figure shows, the system is stable and the
voltage balancing loop works well. Fig. 4.13b and Fig. 4.13c demonstrate how the system
becomes unstable under the scenario CS-1 when the power flow is reversed and in case of
the scenario CS-4 when the converter operates at low modulation index. In this case, the

voltage control fails to track the reference values and the dec-link voltages highly oscillate.
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Figure 4.13: Simulation results of (a) stable operating scenario, (b) unstable CS-1 scenario

and (c) unstable CS-4 scenario.
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4.2.5 Discussion

In this Section, the dc-LINK stability issue of a Triple-stage three-phase ISOS connected
SST based on the CHB and DAB topologies has been assessed using the Middlebrook’s
criterion. A small signal model of the converter and its control system has been presented,
through which the relevant impedance transfer functions for the stability analysis have
been derived and verified in simulation. The stability has then been discussed and it was
pointed out that the direction of the power flow and the voltage rating at which the SST
works may be sources of instability. These results have finally been validated through
simulation. The presented analysis represents a good design tool for the discussed SST
topology and its control system. The impedance models presented here can be used,
combined with the optimal design of the converter, to define the rated conditions of
operation for this SST topology and thus defining the passive elements values, together

with the control system tuning
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4.3 Impedance-based Grid-Connection Stability Anal-
ysis

As a result of the extensive and increasing integration of power electronic-based systems,
the stability of modern power grids faces significant challenges. The multi-timescale na-
ture of modern power electronic converter control systems can lead to dynamic interactions
with the grid, resulting in local instabilities in the power system, i.e. voltage and cur-
rent oscillations, harmonic and sub-harmonic instability and interactions and resonances
phenomena over a wide frequency range. [120,123,132]. These phenomena originate as
small-signal oscillations due to the existence of a negative (or poor) damping in the power
system, provoking the so-called harmonic instability [120]. Depending on the specific
control loop, the oscillations may happen on a very broad frequency range [120,123,133].
It has been widely reported in literature how the constant-power load (CPL) control of
rectifiers introduces a negative incremental resistance region on the converter d-axis in-
put impedance Zy; within the dc-link voltage control bandwidth [123,134|. Therefore
the faster the dc-link controller the wider is the negative conductance region of Zgq,.
Low frequency instabilities can also be introduced on the g-axis input impedance Z,
by phase-locked loop (PLL) in case of inverter mode [123,135,136]. In this case the
negative resistance region extends within PLL bandwidth. FKEither of these instabilities
are low frequency phenomena narrowed nearby the sub- and near-synchronous frequency
range [120,123,134,135]. With regard to the high frequency range, the time delay in-
troduced by digital controllers and the frequency-coupling introduced by the modulator
may be sources of instabilities [120,123,133|. Therefore, the stability assessment of grid-
connected voltage-source converter (VSC) is becoming more and more essential to identify
and analyze the converter-grid interactions in modern power systems. One effective way
to assess the interconnection stability of a VSC is by means of the passivity properties of
its input impedance [123,133,137|. This is because oscillations due to critical resonances
at a certain frequency cannot be established if the converter has nonnegative input con-
ductance at that frequency, i.e. the input impedance is passive, because the power is dis-
sipated. Thus, knowing the converter input impedance properties is a useful tool that can

be used to properly design the VSC control systems to prevent instability [123,133,137].
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Although the grid-connection issue of single-stage ac-dc converter topologies has al-
ready been widely discussed in the literature, really poor attention has been posed to
cascaded topologies such as ac-dc-dc isolated systems, that are nowadays widely used in
many applications as for example in Solid-State Transformer (SST') applications [138].

To the author’s best knowledge, in literature only [139] and [140| have recently derived
the impedance model of a cascaded two-stage topology and addressed the stability issue
from the grid-interaction point of view. The work presented in [139] analyzes the impact
of a non-isolated cascaded dc-dc converter on a front-end power factor correction (PFC)
converter’s dg impedance. However, the impedance properties under different operating
modes has not been assessed. Authors in [140] proposed a two-stage DAB-based interfac-
ing a BESS with the grid, in which an input impedance model is also derived. However,
the paper only deals with the converter working principle and the stability issue is just
pointed out and not discussed at all.

The aim of the analysis carried out in this Section is to fill the aforementioned literature
gap by deriving the dq input impedance expressions for a SST topology based on the
aforementioned isolated bidirectional ac-dc-dc building block, and then by showing the
effect of the dc-dc stage on the SST input impedance. For this purpose, first the SST
dq impedance model is derived - based on the dg-frame small signal model - considering
the dc-de converter impact. Then, the impedance model is verified by means of time-
domain simulations. Finally, SST dq input impedance is analyzed and the effect of the
cascaded topology on its shapes is highlighted and discussed (in comparison to single
stage topology), with particular emphasis on the low frequency passivity properties of the

d-axis Zg,.

4.3.1 System Description and Impedance Model Derivation

For the grid-connection stability assessment of the SST, the simplified topology shown in
Fig. 4.14 is considered, in which the Inverter stage is represented either as a pure resistive
load or an active one, depending on the power flow. This is done to make the analysis
more genera and to simplify the equations used in this Section. The input side connection
of the circuit shown in Fig. 4.14 is of the input-series (IS) type, while the output side

of the circuit is intentionally left unconnected to keep the impedance analysis as general
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as possible, i.e. the SST output side can be connected either in output-series (OS) or in
output-parallel (OP) type, and the load connected can be a purely passive one, an active
one such as a battery or a BESS or it can be either another converter. This is because, as
will be shown later in this section, the de-de converter small-signal model will be derived
assuming the output side of the DAB connected to a purely resistive load in the case of
a direct power flow (DPF) (from the AFE to the load) or to a dc voltage source in the
case of reverse power flow (RPF) (from the source to the AFE). Thus, no matter what
the load connected downstream of the DAB, it can be assumed to be a resistive load or
an active source according to the power flow. Fig. 4.15 shows the control diagram of the
grid-connected SST system [141]. Note that, for the analysis carried out in this section,
the nomenclature used in equations follows the one shown in Fig. 4.15. As explained
in Section 3.3, the AFE control is implemented in the synchronous dg-frame and the
synchronization with the grid is achieved through a PLL. The AFE control is responsible
of the grid power flow control together with the regulation of its dc-link voltages (vqc.).
Instead, the dc-dc converter regulates the output de-link voltage vqc, in the case of DPF
or the output current iq., in the case of RPF [141,142].

In this Section, the closed-loop input impedance Zj,cr, expression of the cascaded
topology of Fig. 4.14 is determined by firstly deriving the AFE rectifier impedance
model. In this case, it is supposed that the load connected at the dc-side of the con-

verter is a generic resistor. For this purpose, the real dg-frame is employed to derive a
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L

Figure 4.15: Simplified grid-connected control block diagram considered for the grid-
connection stability analysis of the SST.

linear time-invariant (LTI) multi-input multi-output (MIMO) system [143,144|. Then,
when considering the dynamics of the cascaded topology, the generic resistor will be re-
placed with the input impedance of the DAB, that is also derived in this Section. In
the following, boldface capital letters are used to denote transfer function matrices while

boldface lowercase ones to denote vectors.

Active Front-End Rectifier Modeling

The impedance model of the grid-connected multilevel AFE rectifier represented in Fig.
4.14 is derived based on the dg-frame average model of the converter, already presented

in Section 3.3.1, and here reporter for clarity of the text:
4

di . .
Lfd—f = €q — Rf@d + ngqu - devdc,i

di . .

L5t = eq — Ryig — wgLgig — Nmgugc s (4.34)
dvdc,i 1 - - Vdc,i
\C’i o = 5 (mgiq + mgly) — Bt

where Ry, Ly and C; are the line filter resistance and inductance and the AFE submodule
capacitance, N is the number of submodules per phase, w, is the grid angular frequency,
Uge,i is the submodule dc voltage, i44, €44 and mg, are respectively the line currents,
the grid voltages and the AFE modulation indexes in the dg-frame, while Rg.; is the

generic load resistor connected to the dc side of each submodule. Note that the model in
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Figure 4.16: AFE dg small-signal model circuit representation [141,146].

(4.34) has been derived assuming that the dc voltage of the CHB cells are all equal and
considering the amplitude-invariant Park transformation matrix [141,145].

By perturbing the model in (4.34) and linearizing around the steady-state operating
points (neglecting the second order terms), the AFE dg small-signal model is obtained
as [141]:

Lot — &4 — Riig + wgLrig — NVae i — NMyiac

Lefs — 6, — Ryiy — wyLiia — NVacimg — NMyiacs (4.35)

Cy2es — 1 (Myig + Myig) + 3 (Iga + Iying) — ;;g;cv;
where the variable capital letters identifies the steady-state values. The steady state values
of i4, my and my in (4.35) are derived solving (4.34) and considering I, and E, equal to

zero (meaning null reactive power exchange and perfect steady-state grid synchronization),

leading to:
2
Ed _ Eg _ SNI};;CV;dc,i
I;= v :
My =
(4.36)
2
wg Ly (Ed —\/E3 - SN,ij.‘*“*i>
M., = —
a 2N R Ve i

where F,; equals the amplitude of the grid voltage e.
Based on (4.35), the AFE small-signal model is represented in Fig. 4.16. The su-
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perscript s it is used to denote the system frame, i.e. the grid dg frame. It must be
distinguished from the control dq frame that is defined by the PLL angle 6 [123,136]. In
steady-state, owing to a perfect grid synchronization, these two frames coincide.

Fig. 4.17 shows the grid-connected AFE control block diagram based on the control
system reported in Fig. 4.15. The yellow box identifies the open-loop small signal model

of the AFE, where where %Zq = [i5 3)7, &, = 5 &]" and my, = [mg m3]T. Based on
that, it is possible to define the following open-loop transfer functions:
Zrc M52 M3 M$
Ziwor = Zn+ N 5 ‘ ¢ 2q (4.37)
MgM; M
. _ Zve | M] Vic,i 0
G, =-NZ;b ( 5 {Md] [I; I(ﬂ + i) y ) (4.38)
q dc,i
z -1
e | Ars DS Zr
GUac = 2 [ d a7 (4.39)
MS
a ( v ] 2 ! : )
My
= ([Ig J;] — NViei [M; M;} Z;ll)
G = (4.40)
MS
14+ N Z2rc [Mds WE Zr—l d
q
My
where 15, = laq, Mj, = Mg, as defined previously in this Section, and:
R¢+ sL —weL
Zo=| st (4.41)
ngf Rf + SLf
Rdci
Lo = ————— 4.42
1+ SCiRdCJ ( )

Equations (4.37)-(4.40) describe the system plant. Also, note that (4.37) is the open-
loop input impedance matrix of the multilevel AFE. To derive the closed-loop input
impedance matrix Zi,cr, under both current and voltage controllers, it is necessary to
introduce a set of transfer functions that model the PLL effect on the closed-loop converter
dynamics. These transfer functions are the ones located inside the purple box of Fig. 4.17.
They account for the PLL effect on the feedback current vector %Zq, the PCC voltage

feedforward (FF) vector &3, and on the system modulation index vector my, [123,136].
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Figure 4.17: AFE control block diagram [141,146|.

Those are defined as [123,136]:

. 1 E:G 11
pll — v (443)
0 1—-E;Gun
i 0 I’G 1
Gpll - 4 P (444)
0 I3Gon
0 —M<G
m = a7l (4.45)
0 MgGPH
where:
Ton
G, = P 4.46
pll S+ E;Tpu ( )
K
Ton = Kppn + ;pn (4.47)

in which Kppy and K, are respectively the proportional and integral gains of the PLL
PI controller.

The remaining transfer functions that need to be introduced before deriving the in-
put impedance analytical expression are the voltage controller G, the dg-frame current

controller G;, and the current decoupling, the modulation effect on the PCC voltage
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FF and digital control system delay matrices Ggee, Gee and Gge. These are defined as
follow [134, 146]:

K v + KIV
G, =] " (4.48)
0
1 Kp; + K 0
Gi - i s (449)
N‘/dC i O KPI + %
1 0 ngf
Gliee (4.50)
N‘/:ic,i —ngf 0
G ! Lo (4.51)
“ NV |0 1 '
e~sTa
Gy = (4.52)
0 el
where [131]:
3
Ty =151, = 4.53
a T (4.53)

in which f, is the switching frequency of the AFE.

It is now possible to define the closed-loop input impedance of the grid-connected
AFE by solving the control block diagram of Fig. 4.17. By firstly considering only the
closed-loop current control, the AFE dg input impedance Zi,cyp; is derived as (4.54):

ZinCL,i = ﬁflq(%zq)il = [ZinOL_1 + GinGdel ((;’ce(;6 + (Gdec + GZ)GZ -

pll pll

+Gh)]
(I2 - anGdel<Gdec + Gz))
(4.54)

Finally, considering also the closed-loop voltage control, the AFE closed-loop input impedance

matrix Zi,cr, is obtained in (4.55):

Zincr = 83 (ta,) " = [Zinor + G (T2 — Gaa(GiG N GL)) ™! G (GeeGi+
(Gaee + GGy + GG, NG + G- (4.55)

pll

I = G (In = Gaa(GiGNGE<)) ! Gaal (Gaee + G
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Dual Active Bridge Modeling

A simple reduced order small-signal model for the DAB can be derived from the power
equation of the converter [141,142]. Adopting the single phase-shift modulation technique,
the average active power transferred through the DAB leakage inductor L; during one
switching cycle Tyq is given by:

VZici‘/dco
=——d(1—|d 4.56
S (1 |a) (4.56)
where n, fyq and d are respectively the high-frequency transformer (HFT) turn ratio,
DAB switching frequency and the rated phase-shift ratio. By perturbing and linearizing

(4.56), the small signal model of the DAB is derived as follow:

2n fsa Ly 2n fsa Ly

Vaei(1=2D) 5, D(1-2D) ~
Infule @ T Bnfar, dei

(4.57)

Baei = GUd + Gl By, = Yigell2D) gy DU2D)5,
{Edc,o = Ghd+ Giotgeo =
where D is the steady-state rated phase-shift ratio. Based on (4.57), Fig. 4.18 shows
the circuit representation of the DAB small-signal, where 71, is the current to the output
load connected to the DAB. Based on the control scheme given in Fig. 4.15, two different
control block diagrams can be developed for the DAB, depending on the power flow
direction. Fig. 4.19 shows the DAB control block diagram in the case of DPF, where a
passive load is connected to the output side of the DAB. Instead, Fig. 4.20 shows the
control block diagram in the case of RPF scenario, in which an active load is connected.
In the previous, Gypag, Gipap and Z..pap are respectively the DAB voltage controller,

DAB currrent controller and DAB output impedance defines as:

Kidab,v
Gypap = Kpdapy + — (4.58)
K ab,i
Gipap = Kpdab,i + Ii at (4.59)
Rdc o
ZrC = —" 4:60
DA 1+ SCoRdc,o ( )

while Rgc, is the output load. Note that, in both cases, Rg4., models the power ab-
sorbed/generated by the passive/active load (and thus Rq., is positive in the former case
while it is negative in the latter).

Thus, from Fig. 4.19 and 4.20, the DAB closed loop input impedance Ziycr pas,

defined as the ratio between 74.; and Edc,i, can be derived under the two different control
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Figure 4.18: Dual active bridge small-signal model [141,142].
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Figure 4.19: Dual active bridge control block diagram in the case of DPF [142].
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Figure 4.20: Dual active bridge control block diagram in the case of RPF [142].

modes as (4.61) and (4.62):

_ 1+ Z,:paBGY GypAB
ZinCL,DAB = (Gl Cuoan) Zecoas (4.61)
DPF Vo 4 ©“vDAB rcDAB Gy
Rdc,o-*-ZrcDABfoGiDAB
ZinCL,DAB = (G Facr i Gionn) ZreoanGs (4.62)
RPF vo fldc,0 d YiDAB rcDAB G vy
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Figure 4.21: Comparison between the calculated and the simulated dg impedances in the

case of pure resistive load and DAB load.

4.3.2 Impedance Model Validation

Before analyzing the properties of the input dg impedance matrix of the cascaded topol-
ogy investigated in this Section, the impedance model derived in the previous section
is validated by means of time-domain simulations in MATLAB/Simulink. The input
impedance matrix of the cascaded topology is obtained, as stated previously, by replacing
load resistor expression Rgc; in (4.55) with the DAB input impedance given in (4.61) or
in (4.62), depending on the power flow. Extracting the DAB closed-loop input impedance
Zincr,pAB 1is relatively simple since it is a dc circuit, thus it is only required to inject a
perturbation signal (which can be a current or either a voltage perturbation) over the
frequency range of interest, and measure the frequency response of the converter at the
input interface. Whilst, extracting the AFE closed-loop input impedance Zj,cr, is not
trivial since it is required to solve a system of four unknown variables. It is thus necessary
to inject two sets of linear-independent perturbation signals and to sweep such injection
over the frequency range of interest. To do so, the procedure explained in [147,148] is

employed. Being the impedance model derived in Section II based on the average model
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of the converter, which is accurate till half of the switching frequency fi, [137,146], the
impedance model is validated in the frequency range of 1 Hz - 2 kHz since the multilevel
AFE swithing frequency is 4 kHz. Therefore, based on the circuit parameters given in
Table 4.3, the comparison between the impedances derived analytically and the ones mea-
sured in simulation is reported in Fig. 4.21 for both configurations (AFE with resistive
load and AFE connected to a DAB). As can be noted, the simulation results show good
agreement with the analytical ones, thus the impedance model derived in this work is

finally validated.

4.3.3 Input Impedance Properties Analysis

In this section, the effect of the cascaded topology on the input impedance matrix is
revealed and analyzed.

Note that, being the DAB a dc-load for the grid-connected SST and as can also be
deduced from the equations given in Section II, the effect of the dc-de converter on the
AFE input impedance matrix is only visible on the d-axis impedance Z44, as it depends
on Mj (see eq. (4.37)) while is much less visible on Zg, Zs, and Z,, because M is
generally small. In particular, the effect on Zg, is negligible unless there it is a reactive
power exchange in the converter. Fig. 4.21, that refers to the AFE mode (DPF) confirm
this point. Thus, as said in the introduction, particular attention will be paid on the
passivity properties of d-axis input impedance Zj;. Before doing that, it is necessary
to recall some basic assumptions made in this work. First, it is supposed that the two
converter stages that build the ac-dc-de topology (i.e. the AFE and the DAB) are,
together with their own control system, individually stable. To do so, the AFE control
system has been design following the guidelines provided by [123,133]. Thus, the voltage
controller bandwidth, along width the PLL loop bandwidth, where design at least 10
times smaller than the current control loop, so as to guarantee stable operation in both
AFE and inverter modes [123,133]. Therefore, in the case under consideration the current
controller bandwidth is w.. = 27250 rad/s, the voltage controller bandwidth wy. = 2710
rad/s while the PPL bandwidth is chosen to be is wpy = 2725 rad/s. This brought to
the controller gains provided in Table 4.3. Secondly, the DAB controller bandwidth (both

the voltage and the current one) is designed to be larger than the AFE current control in
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Table 4.3: SST system parameters used for the grid-connection stability analysis.

Efl? Eg Mja qu [ja I; Rf> Lfa Ci> Rdc,i? N
[V] l[adm)| [A] [mQ,mH,mF,Q,adm|

340, 0 0.66, -0.02  32.68, 0 500, 1, 5, 11.13, 4

‘/dc,i,o fg fSW? fsd 007 Rdc,ou n, Lt
[V] [Hz| [kHz| [mF, Q, adm, p HJ
122 50 4,12 5,11.13, 1, 41.74

KPva KIV KPi7 KIi KPplb KIpll KPdab,V,b Kldab,v,i

0.067, 3.37 1.15, 1490 0.46, 10.11 0.3, 2.8, 228.7, 2574

order to decouple the conversion stages timescale dynamics. In fact, as Fig. 4.22a shows,
in the frequency range of the DAB control system (and thus within the AFE control
system bandwidth), the closed-loop DAB input impedance Zi,cr, pap can be modeled as
a negative resistor in case of DPF or as a positive one in case of RPF [139,142| (that
reminds the typical behaviour of a CPL [123]). Therefore, as Fig. 4.22b shows, in case of
DAB connection the dc-side impedance Z,. can be assumed to be the parallel impedance
of Cj with a negative resistance —R,.; or with a positive one depending on the power
flow. This assumption will be made to simplify the passivity analysis carried out in this

Section.

Impact on Active Front-End Mode

Fig. 4.21 shows the effect of the dc-dc converter on the AFE input impedance matrix,
in comparison to a more common pure resistive load R4q.. Such impact is visible at
low frequencies, i.e. around the voltage control loop bandwidth w,.. As stated at the
beginning of this Section, the impact is more evident in the d-axis Z;, while the impact
on Zg, is negligible because its magnitude is really low (no reactive power exchange). In
the low frequency range the connection of a de-dc converter slightly lowers the magnitude

of Z44 compared to the case in which only a resistor is connected [139]. This can worse the
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Figure 4.22: (a) ZincLpap in case of both DPF and RPF. (b) influence of a pure resistive
load Rdc,i or ZinCL,DAB (DPF) on Zrc.

grid-connection stability of the system. However, differently from what shown in [139],
it seems that, for the system parameters given in Table 4.3, the d-axis low-frequency
passivity is enhanced in the case of a DAB-connected AFE compared to the resistive-load
one. Thus, it might be of interest to deeply analyze the passivity properties of Z43 within
the voltage controller bandwidth. To do so, we first derive a simplify expression for Z4,
that holds for the low-frequency range. To this end, contrary to the parameters of Table
4.3, a lower bandwidth for the voltage controller (i.e. wy. = 275 rad/s) is selected to
highlight more the passivity properties of Z;; in the case of DAB as dc-load. This yields
to Kp, = 0.029 and Ki, = 1.440. In the AFE mode, for a amplitude-invariant Park

transformation matrix, in steady-state it holds [134,139]:
3 o :
5 Vdla = 3NV ilde,i (4.63)

By perturbing and linearizing (4.63), supposing for simplicity that R = 0 €, the following
is derived:

1505 + Vii5 = 2N Ve itdei + 2N Lieifdci (4.64)

At low frequency, only the voltage controller affects the d-axis impedance shape, since
the current controller is supposed to be much faster and thus the d-axis current closely

follows the current reference provided by the voltage controller. Also, PLL has no effect
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on Zgq [123,134]. Therefore, based on the AFE control block diagram of 4.17:
iqg = —NGyqe; (4.65)

?jdc,i = Zrcgdc,i (466)

where Z,. is assumed to be +Rg.; in case of pure resistive load or —Rg.; in case of DAB.
Combining eq. (4.64) with (4.65) and (4.66), and neglecting the impact of the digital
control delay (which is impactless at low frequencies), it is possible to derive the simplify

expression of Zy4 that holds in the low frequency range as:

2‘/dci + Zrc (QIdci + Gv‘/d)
7 = _ i ’ 4.67
dd w<wye Gv]erc ( )

Fig. 4.23 shows the comparison between the approximated expression of Z;; given in
(4.67) and the original one derived in Section II, that holds withing w,. range.

At this point, it is interesting to note that for small integral-gain Ki, of G, (i.e.
K1, = 0 which is a common good design approximation, that usually leads to the choice

Kpy = wy (i, [123]) and for w — 0, (4.67) becomes:

Vs

lim Zoa( _ Y 4.68

L,,;ll)r(l) dd(]w) Zre=—Rae.s Ij ( )
_ , 4Vaei + KpyRac iV

l Z — l 2 469

wlg}J dd(']W) Zre=+Rgc,; IijdeC,i ( )

in which 14.; = Vyei/|Rac| since the active power is absorbed in both cases (AFE mode).

Eq. (4.68) shows that, in the case of a controlled dc-de converter connected to the de-
side of the AFE (thus with negative Rg.;), even with null voltage controller integral-gain
K, the d-axis impedance shows the characteristic negative incremental behavior typical
of the AFE rectifiers [134]. That means, even with null voltage controller integral-gain
K1y, the cascaded ac-dc-dc topology still absorb the reference active power imposed by
the controller (but most likely v,.; will deviate from its reference value). This is because
of the DAB voltage controller that force the dc-load of the AFE to be a CPL within
the regulation limit of Gypag. The same doesn’t hold for the pure resistive load Rgc,,
as eq. (4.69) demonstrates. In this case, since vg.; will deviate from its reference value,
is obviously and straightforward that the active power absorbed by the AFE will also

deviate from the reference value. For the systems parameters defined in Table 4.3 and for
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Figure 4.23: Comparison between the simplified expression of Z,;; and the accurate one

given in (4.55).

Kp, = 0.029, Fig. 4.24 shows the effectiveness of (4.68) and (4.69). As can be observed,
the low-frequency magnitude of Z4; in case of DAB is equal to the absolute value of the
ratio of V; and I$ (=~ 10.38), while a different value is found (/= 57.42) for the resistive load
case according to (4.69). However, for both cases Re(Z4;) is negative at low frequencies
since the CPL behavior is obviously preserved.

Recalling the aim to analyze the passivity properties of Z4,, Fig. 4.23 show a larger
passivity border (i.e. Re(Z44) > 0) in the case of DAB connected to the AFE in contrast
to the case of a pure resistive load, whose passivity range seems to barely get passive at

some value of the frequency. Thus, it might be of interest to derive an expression for

Re(Z4q). Starting from (4.67), the real part of Re(Z44) can be derived as in (4.70):

Re{de(jw)} >y

(2Ci K1y RaciVaes — 21aciKpy Raci — K3, Raci Vi — 2KpyViey) w? — K2 Rae Vs
[5Rdc,iK12v + IdeC’iKI%VWQ

(4.70)

At this point, setting Re(Z4q) = 0 in (4.70) and solving the second order equation for w
by considering (for both the DAB and the pure resistance case) the only root that lies in

the domain of (4.67), it is possible to derive the upper limit value w, of the non-positive
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Figure 4.24: Comparison between Zy; in case of both pure resistive load and DAB with

voltage controller integral gain Ky, = 0.

resistance region, i.e. the angular frequency at which Re(Z;) becomes positive, that is:

KIV \/_Zrc dab‘/dstab
We = Wedab = . 4.71
Zrc:Zrc,dab dab Kdab ( )
Kio/—Zer, VIK;
We = Wc,Rge — — . \/ Hae 7d 77 R (472)
Zrc:Zrc,Rdc KRdc
where:
Kaap =2KpVaci + 210 i Kpy Zrc,dabt
(4.73)
ngZrc,dabV:js - 2C'I{Ierc,dab‘/dc,i
KR, =2KpyVaci + 214ciKpyZic Ry, +
(4.74)
K}%VZrC,RdC‘/dS - QCKIVZFC,RdC‘/;iC,i
where, for clarity of reading, Z;c qap = —|Rac,i| and Zicr,, = Rdci» VRac; > 0. Equations

(4.71) and (4.72) show the angular frequency at which Re(Zqq) starts to be positive for
both cases under analysis. Recalling that, for AFE mode, Z,cdab = —ZrcR,,, it is possible

to define the ratio of (4.71) over (4.72) as:

(4.75)

[ BlaciVi KR, +4Vae Kpy — 201Ky RacViae,
T Raci(V; K3, — 2Ci K1, Vac,)

which, for the parameters listed in Table 4.3 and for Kp, = 0.029 and K, = 1.440 is
lower than 1 (w, ~ 0.39 in agreement with Fig. 4.23) meaning that the DAB-based
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Figure 4.25: SST input dq impedances during the inverter mode, based on parameters

given in Table 4.3.

cascaded topology shows a larger passivity boundary (or a smaller non-passive area) in
the low-frequency region compared to the pure resistive case.

Equations (4.71) and (4.72) can be used to predict the low-frequency passivity region
boundary in both DAB and pure resistor cases. What is more, (4.71) and (4.72) can be
used together with (4.67) and (4.70) to perform a passivity-oriented design of both the
cascaded and not cascaded multilevel AFE investigated in this thesis. Not least, it can
be shown that the same analysis holds also for the inverter mode of the ac-dc-dc topology
considered here, but the low-frequency region of Z;; should be already passive enough

(even for higher w.,) since the inverter mode is less susceptible to an increase in we, [123].

Impact on Inverter Mode

Fig. 4.25 shows the effect of the cascaded topology compared to the pure resistor one
in case of RPF (and thus in inverter mode). As explained in the previous Subsection,
even in this case the dec-dc stage seems to enhance the passivity boundary of the d-

axis impedance Zg44, which in case of pure resistive load is poor due to the low voltage
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controller bandwidth wy., that enhance passivity when increased in this operation mode
[133|. The same analysis carried out previously can be repeated also for the inverter mode,
as already mentioned. Either way, it can a priori be concluded that cascaded ac-dc-dc
topology investigated in this work already enhance the passivity region of the d-axis input

impedance Z;; without increasing the voltage controller bandwidth wy..

Impact on Reactive Mode and Synchronization Loop

As stated before in this Section, the effect of the cascaded topology on the AFE input
impedance matrix Zincy, is only visible on Z4, when [ , 18 not null anymore. Instead, Z,
is unaltered if the grid voltage is symmetric and balanced (i.e. V= 0).

With regard to the effect of the ac-de-dc topology on the synchronization loop, it is
well known that the PLL mainly effects the g-axis impedance Z,, [123,135|, where the
de-de converter has no impact since usually M7 ~ 0. The only noticeable impact will be,
again, on Z,, if there is a reactive power exchange while, still, Z,4 will be unaltered if the

grid voltage is healthy.

4.3.4 Discussion

In this Section, the dg-frame input impedance expressions of the CHB- and DAB-based
ac-dc-de building block of a SST topology has been derived through the small-small
signal analysis. The dg impedance model derived has been validated by means of time-
domain simulation in MATLAB/Simulink. Then, the effect of the de-dc stage on the
input impedance matrix has been assessed and analyzed in comparison to a pure resistive
load connected to the dc-link. In particular, the analysis aimed to discuss the input
impedance matrix properties in terms of its passivity, thus helping the designer to achieve
a stable grid-connected system. For this purpose, the d-axis input impedance Z4; has
been mainly addressed during the DPF scenario (AFE mode) as it is the more sensitive
matrix element to a load connected to the dc-side of the CHB. A simplified expression
for Z4; and for its real part - that holds for low frequencies - has been derived in Section
4.3.3. Furthermore, an expression for the upper limit of the negative resistance region
of Z4q is proposed, and it is demonstrated that the dc-dc load can increase the passivity

region boundary. Equations (4.67), (4.70), (4.71) and (4.72) can be used to perform a
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passivity-oriented design of the SST topology investigated in this thesis. Moreover, the
impedance model derived in this work (and thus the analysis done) is valid for a generic
ac-dc-dc topology. Finally, a mention regarding the effect of the de-dc stage during also
the inverter and reactive modes, along with the impact on the synchronization loop (i.e.

the PLL), has been given. These aspects are left open to future work.

4.4 Summary of Results and Final Discussion

In this chapter, the stability assessment of the SST is presented, from both DC-bus and
grid-connection perspectives. In the first case it was pointed out that that the direction of
the power flow and the voltage rating at which the SST works may be sources of instability.
The first issued is due to the non-symmetric control structure of the SST. In the second
case, in particular the analysis aimed to discuss the input impedance matrix properties
in terms of its passivity, thus helping the designer to achieve a stable grid-connected
system. Through the derivation of a simplified expression for the d-axis impedance, it is
demonstrated that the DC-DC load can increase the passivity region boundary. Also, a
mention regarding the effect of the DC-DC stage on the inverter and reactive operation
modes of the MV AFE, along with the impact on the synchronization loop (i.e. the PLL),

is presented. These aspects are left open to future work
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Chapter 5

Solid-State Transformer Hardware

Prototype Design, Construction and

Test

In this final Chapter, the design and open-loop test of the SST prototype is presented.
The three-phase triple-stage SST investigated in this thesis is a highly modular structure,
therefore the whole converter structure is obtain by the connection of several power mod-
ules. The goal behind the SST prototype development is to keep a modular approach
even during the design phase. Therefore, after having identify the best power unit config-
uration in terms of modularity, scalability and flexibility, the design of the SST is carried
out on the single power module.

In the following Sections, then component selections and design considerations for the
SST power module, which consists of the power and gate driver board, are presented.
The, the PCBs development is introduced and the final assembled power unit is shown.

Finally, open-loop tests of the power module conclude this work.

5.1 Power Module Component Selection and Design

Fig. 5.1 shows the three-phase triple-stage SST topology considered in this work and
already presented in Section 2.5.2. As can be observed from the figure, the best power

module topology that provides the highest maximum degrees of modularity, flexibility
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SST Power Module

Figure 5.1: Three-phase triple-stage SST under investigation and chosen modular Back-

To-Back H-Bridge Power Module (B2B-PM) topology.

and scalability consists of the back-to-back configuration of two H-Bridges, which corre-
sponds to half of a SST PEBB. Therefore, the key power unit selected for the prototype
development of the presented SST architecture is the Back-To-Back H-Bridge Power Mod-
ule, i.e. B2B-PM. In the next, the power unit ratings, component selection and design

considerations are presented.

5.1.1 Power Module Ratings

The SST power stage developed here is for laboratory purposes, therefore it is a three-
phase down-scaled prototype. The power rating selected is Ss5; = 15 kVA and the nominal
grid line-to-line voltage considered for the design is V,, = 400 V. Therefore, the RMS phase
current is given by:

Ssst
— =~ 22A 5.1
V3V, 5-1)

[sst -
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The AFE and Inverter stages consists of the CHB topology. Considering a rated modu-
lation index if mgsy = 0.7 to ensure enough margin of operation (without third harmonic

injection), the total DC-link voltage required is calculated based on (2.5):

2V,
Vit = % ~ 465V (5.2)
Messt

The number of submodules is calculated according to (2.6). Therefore, the semiconductor
block voltage V;, must be selected, along with the utilization factor which is chosen to
be k, = 0.5 here. Semiconductors can be either selected as discrete components or
power modules. The first choice allows a more customizable and flexible power stage
design. However the circuit design and routing must be carried out carefully to avoid
unwanted parasitic disturbances that may rise because of the circuit layout. The second
option, instead, offers less degree of freedom in terms of power circuit realization, but the
advantage lies in the simplified power layout being power modules inherently optimized
by the supplier. Since the focus of this work is not on converter design optimization, the
semiconductor choice falls on IGBT power modules. Being the converter stage a down-
scaled prototype, the total required DC-link voltage is quite low, therefore low-blocking
voltage devices could be selected. Nevertheless, actual IGBT power modules available on
the market are usually rated for a minimum of Vj, = 600 V [149]. Hence, even considering
k, = 0.5, just one power module would be almost sufficient. However, to maintain the
advantages of a SST topology based on multilevel converters, the number of submodules
is independently chosen to be N = 4. Therefore, the rated apparent power S, is spread

among four per-phase PEBBs. Hence the power rating for each submodule is:

Ssst

Ssm =
3N

— 1.25kVA (5.3)

and the the rated DC-link voltage of each submodule is given by:

tot

v
Vie,sst = % ~ 116V (5.4)

Eq. (5.4) concludes the definition of the SST down-scaled prototype main ratings.

151



5.1. POWER MODULE COMPONENT SELECTION AND DESIGN 152

5.1.2 Semiconductor Comparison and Selection

Based on the B2B-PM ratings presented in the previous Section, the minimum blocking

voltage required for the semiconductors is:

VCSS
Vomin =~ = 232V (5.5)

Based on (5.5), the commonly available on the market blocking voltage of V, = 600 V
is selected. Three different IGBT power modules are then compared in terms of total
losses and the best one is selected. Neglecting the driving losses, whose are related to
the gate driver circuit, the total semiconductor losses consists of static (or conduction)
and switching losses [78|. The conduction losses take into account the ON-state losses
and the OFF-state losses, i.e. the blocking losses. Whilst, the switching losses consists
of turn-on and turn-off losses. The power losses computation is carried out here based
on the comprehensive application note [78]. The IGBT power modules under evaluation
are, respectively, Semikron Danfoss SEMITOP 3 - SK50GBB066T [150], SEMITOP 3 -
SK75GBB066T [151] and Infineon EasyPACK F4-75R06W1E3 [152]. Based on [78], the
IGBT (S) and diode (D) conduction losses for a sinusoidal PWM-driven Half-Bridge are

computed as:

1 m Ccos A 1  mcos A -
Peonas = | — + L4 Vero(Tj)Is+( < + Ld rep(T) 1% = Vopo(T))Is + rep(T)) I3
2 8 8 3T
(5.6)
1 m COS A 1  mecos A -
Panas = (5 = ™08 VinlT)lot (§ = "5 ) re(T) I} = Vio(Ty ) -+ ()13
(5.7)

where m is the modulation index, cos¢ is the power factor, Veopo(Tj) is the IGBT
temperature-dependent threshold voltage of the on-state characteristic, Vio(7};) is diode
temperature-dependent threshold voltage of the on-state characteristic, rog(7}) is the
IGBT temperature-dependent bulk resistance of the on-state characteristic, rp(7}) is the
diode temperature-dependent bulk resistance of the on-state characteristic while fs, I D
Ig, Ip and Ig, Ip are the peak, average and RMS values of the IGBT and diode current
respectively, as show in the schematic of Fig. 5.1. On the other hand, the switching losses

are computed as [78]:

Psw,S = fsw(Eon+off)

)KU (14 TChunlTy — Trey)) (5.8)
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Figure 5.2: Comparison between the IGBT module Direct Power Flow (DPF) total losses
(a) and (b) Reverse Power Flow (RPF) total losses.

V2 Ip (Vi
Psw,D = fsw(Err) D <_d

‘/re f
where f, is the switching frequency, E,,40f¢ is the sum off the IGBT turn-on and turn-off

Ky
() 0 T8 = T 59)

energy losses, E,.,. is the diode reverse recovery energy loss, T'Cgg, is the IGBT tempera-
ture coefficient of the switching losses, T'Cg,., is the diode temperature coefficient of the
switching losses, 7} is the actual junction temperature, K, is an exponent for the voltage

dependency of switching losses and I,c¢ , Vief , Tres are the reference values of the switch-
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ing loss measurements taken from the datasheet. Considering the worst case scenario, i.e.
m = 1, cosp = £1, jS,D =225 A, fy, = 20 kHz and Vj, = 200 V, power modules
total losses, for both direct (i.e. cosp = 1) and reverse (i.e. cosp = —1) power flows, are
represented in Fig. 5.2a and 5.2b. As can be noted, among these three IGBT modules,
the Infinecon EasyPACK F4-75R06W1E3 shows the best performances and therefore is
finally selected.

5.1.3 Submodule Capacitance Design

Submodules DC-link capacitance is designed according to equation (2.8), based on the
maximum allowable voltage ripple. The rated and the worst case scenarios have been
considered for comparison. In the rated scenario, the submodule DC-link voltage, modu-
lation index and grid currents are set to be the rated ones, i.e. Vi s = 116 V, m = 0.7
and I, = 22 A. On the other hand, the worst case scenario is defined by the maximum
current I7%* = 25 A and by the maximum modulation index m = 1. Fig. 5.3 shows the
comparison of the DC-link minimum capacitance required in both cases versus the max-

imum allowable voltage ripple Avg.. Considering the worst case scenario, and setting

Avgey = 5%, the minimum required capacitance is C™" = 4.64 mF. Hence, the chosen
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Figure 5.3: Required submodule capacitance versus maximum allowable voltage ripple for

both rated and worst case scenarios according to (2.8).
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Figure 5.4: Simulated submodule voltage ripple.

capacitance:

C™in = 5mF. (5.10)

For instance, Fig. 5.4 shows the effectiveness of eq. (2.8), where for m = 0.7, Iy=18 A
and C™" =5 mF a peak voltage ripple of 2 V is obtained:

. mly 0.7-18
Vieow = = ~1.99V 5.11
2 9wCym  2(2750)0.005 (5.11)

Once the DC-link capacitance is defined, the capacitor bank is realized by the series
or parallel connection of multiple capacitors, to cope with not only the total capacitance
required, but also with the voltage and current requirements for the DC-bus. For instance,
series connection of capacitors allows to spread the total DC-link voltage among them,
while their parallel connection allows to spread the total DC-link ripple current. Moreover,
the number of required capacitors and their series or parallel connection should be object of
an optimization procedure to maximize the DC bank performance, efficiency and therefore
its reliability and life-time [153|. The DC-link current ripple can be estimated in the worst

condition as [154]:
N m]ma]:

Tyenw = 5“ ~ 17.63 A (5.12)

Finally, considering the required capacitance given by (5.10), the rated DC voltage Ve st =
116 V and DC ripple current to withstand given by (5.12), the selected capacitor bank is
composed of seven TDK/EPCOS B43547A9687M000 each one providing 680 uF. More-
over, two additional film capacitors of 50 uF each, i.e. TDK/EPCOS B32776G4506K000,
are connected in parallel with the DC-link bank, as suggest in [153]. This is because film
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capacitors offer a fast dynamic response to high-frequency current requests, due to their

inherent behavior. Finally, the total DC-link capacitance is 4.86 mF.

5.1.4 Heatsink Design

A single heatsink is considered for the B2B-PM, for being cost /effective while also guar-
antee a mechanical support to the whole power module structure, as whill be shown in
next Section. Therefore, the heatsink must be capable of dissipating the thermal power
produced by bot power modules of the B2B-PM. The maximum power to be dissipated,
calculated in worst case scenario, is the one computed through equations (5.6), (5.7),

(5.8), (5.9) and plotted in Fig. 5.2 for the Infineon IGBT module. That is:
pras . a94W (5.13)

The heatsink is then designed in order to maintain a maximum semiconductor junction
temperature of 7; = 125°C, considering an ambient temperature of T, = 50°C, as explain

in [4].

5.2 PCBs Design and Final Assembly

Once the system ratings are known, the B2B-PM PCB designed is carried out through
the software Altium Designer, for both the power and gate driver boards.

For the main power board, a two-layers PCB is selected. This is done to maximize the
electrical isolation among the top and bottom layers. The PCB dimensions are chosen
as to be able to fit all components needed while also guaranteeing the proper isolation
between them and between power and signal circuits, while still realizing a compact
layout. IGBT power modules are placed in the bottom side of the PCB and they are
directly attached to the heatsink, that serves as mechanical support for the whole board.
Three power connectors are displaced on the board: two of them represents the AC input
and output terminals, while the third one provides a direct connection to the DC-bus,
enabling the connection of possible external DC loads. Besides the main power module
circuit represented in Fig. 5.1, an auxiliary signal circuitry is arranged on the PCB. This

additional circuit is composed of a +15 V rail that serves as power supply for the PCB

156



5.2. PCBS DESIGN AND FINAL ASSEMBLY 157

Isolation Boundary
5V_1s01

1
1 T 2
: 390 Vou 1 Vo,
W Ve 1 Vom Input1
1 ==
0.01uF 1 v
: Rsenser & Vi : Vier REF
GND1 | GND2 Input2
| P
T
3-Phase HCPL-75010/7520 L T
5V_1S02 i ND2 i
T
390 Vo 1 Vo
1
Ve 1 Vour Micro
| i Controller
Rsense2 0.01uF Vi : Ves
1
4 GND1 : GND2
1
I

GND2
HCPL-7510/7520

Figure 5.5: Three-phase current sensing circuit with HCPL-7510 [155].

utilities and of two isolated linear optocouplers used to measure the DC-link voltage and
the DC-link current. This Integrated Circuits (ICs) are both HCPL-7510 produced by
Awvago Technologies. Their common configuration circuit as current sensing ICs (in the
example for three-phase inverter-fed induction motors) is represented in Fig. 5.5 [155].
Because of their good bandwidth, in this work the HCPL-7510 is also used as voltage
sensing [Cs. The auxiliary +15 V rail is also employed as auxiliary power supplies for the
gate drive circuits. The gate driver boards are placed directly on top of IGBTs top-layer
footprint. These is done to reduce the current path between the gate drivers ICs and
the IGBT power module, so as to avoid unwanted parasitic effects that may deteriorate
the switching operation. Furthermore, in the whole layout crucial traces and planes are
placed - when possible - so as to reduce as much capacitive and inductive parasitic effects.

Figure 5.6 and 5.7 show the top and bottom layers design for the power board, while
Fig. 5.8 shows its 3-D view. Whilst, Fig. 5.9 and 5.12 show the top and bottom layers
design for the gate driver board and Fig. 5.10 and 5.11 depict two inner layers. Fig. 5.13
shows the gate driver board 3-D view. Finally, Fig. 5.14a and 5.14b show both

B2B-PM power stage and gate driver board once assembled and ready for validation tests.
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Figure 5.6: Top layer view of the power board.

Figure 5.7: Bot layer view of the power board.
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Figure 5.9: Top layer view of the gate driver board.
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Figure 5.11: Bot inner layer view of the gate driver board.
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Figure 5.12: Bot layer view of the gate driver board.

Figure 5.13: 3-D view of the gate driver board.
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Figure 5.14: (a) HBH-PM and (b) gate driver boards finally assembled.
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5.3 Open-Loop Power Module Test

Ultimately, open-loop loop tests are carried out to verify the proper operation of both

power and gate driver boards. For this purpose, the following tests were planned:

1. No-load test: low-voltage no-load test, to verify the switching behavior under zero-

current mode;

2. Light-load test: medium-voltage light-load test, to verify the effective operation of
the B2B-PM board and gate driver boards when near to the rated conditions;

Both tests were carried out in open-loop. This is because the control system is still under
development at the time this thesis is written. Therefore, open-loop generated modulating
signals were manually provided to a modulator, whose generates the pulse patterns for
the IGBTs. The control/modulator board used for the tests is PED-Board V3. That
is a board designed by the University of Roma 3 and the Italian company Elettronica
Dedicata. The board features a National Instruments (NI) System on Module sbhRIO-
9651 that provides a reconfigurable FPGA, Xilinx Zyng-7000, and an embedded real-time
processor. The PED-Board conditions the NI chip ports and provides 30 PWM channels

Figure 5.15: PED-Board V3 control board.
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that can operate at either 0-5 V or 0-15 V, 16 ADC channels with 14-bit resolution, and
8 ADC channels with 10-bit resolution. Additionally, there are 46 digital input/output
ports at 3.3V which can be conditioned to increase the number of PWM signals of the
controller. Finally, the board also has 4 DAC channels and the communication protocols
RS-485 and CAN-bus installed. The controller and modulator can be programmed via an
Ethernet port using the software LabVIEW | which is a programming language that uses

a graphical interface to create programs developed by National Instruments (NT).

5.3.1 No-load low-voltage open-loop test

First, the B2B-PM board is tested under no-load conditions. This is done to verify the
switching behavior when no current is flowing in semiconductor circuits. The test setup
is shown in Fig. 5.16, in which the B2B-PM board is tested without the heatsink to
preliminary validate the power circuitry. Fig. 5.17 shows the switching transient of both

legs of one H-Bridge installed on the B2B-PM that verifies the effective application of the

Figure 5.16: No-load low-voltage open-loop test setup.
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Figure 5.17: Gate drivers gate-emitter voltage under no-load condition: (a) top and

bottom side switch of Leg A; (b) top and bottom side switch of Leg B

dead-time, to avoid short-circuits. Fig. shows the experimental results when the DC-link

is supplied with a constant DC source that provides 10 V and one H-Bridge is switched

on and off, according to a predefined duty cycle, to generate an AC waveform under no

load. Fig. 5.18a refers to a positive duty cycle equal to d = 0.8, while in Fig. 5.18b the
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Figure 5.18: (a) Output AC voltage waveform (cyan) of one H-Bridge and collector-

)
emitter voltage (pink) of the top-side switch connected to the positive AC terminal in
case of d = 0.8; (b) Output AC voltage waveform (cyan) of one H-Bridge and collector-
emitter voltage (pink) of the bot-side switch connected to the negative AC terminal in

case of d = —0.8;

duty cycle is set to be d = —0.8. As can be observed, in the first case the output AC
waveforms is positive in average over one switching period, while in the second case it is

negative as expected.
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5.3.2 Light-load open-loop test

For this test, the B2B-PM board was supplied through the DC-link terminal with a
constant DC voltage of 100 V. During the test, a resistive-inductive load was connected
to the AC output terminals of one H-Bridge at a time. The load resistance was set to 12.3
), while the inductance was 1 mH. Through the Ped-Board, the H-Bridge under test was
switched in order to supply the load with an increasing AC pulsed voltage, till reaching
the saturation of the modulating signal. Fig. 5.19 shows the test setup.

Fig. 5.20 shows the experimental results of the test when the modulation index is
set to be m = 0.9, close to the saturation threshold. As can be observed from the red
waveforms, the H-Bridge effectively creates a pulsed AC waveforms, and the resulting
AC current is almost purely sinusoidal due to the inherent inductive nature of the load.
The blue waveform shows the constant DC-link voltage provided by an external power
supply. Moreover, Fig. 5.21a and 5.21b show the detailed switching transient of the

high-side inverter IGBT when m = 0.9. As can be noted, even with current flowing in
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Figure 5.19: Light-load open-loop test setup.
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Figure 5.20: Light-load open-loop test setup.

semiconductors, the switching transient of the H-Bridge is good.
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(b)

Figure 5.21: Collector-emitter (red) and gate-emitter (blue) voltages of the high-side

inverter IGBT during light-load switching transient condition: (a) turn-on; (b) turn-off.
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Chapter 6

Conclusion

The integration of Renewable Energy Sources (RES) and Distributed Generation (DG)
and the widespread use of Electric Vehicles (EVs) and Energy Storage Systems (ESSs)
have triggered a profound evolution process in the electrical distribution system. This
requires a reliable and safe operation of the distribution system, which poses new chal-
lenges because of the intermittent nature of such loads and sources, interfaced with the
grid via an increasing number of power electronics converters, along with a bidirectional
power flow requirement. To address these challenges, the concept of Internet of Energy
(IoE) or Energy Internet (EI) has emerged, which aims to reshape the current distribution
grid into an intelligent and flexible active network. This involves a radical informatiza-
tion process that involves the renewal of the grid communication infrastructure and the
deployment of distributed monitoring points, as well as the implementation of advanced
energy management and control functionalities to enable the safe, robust, effective, and
efficient integration of intermittent sources and loads.

The Solid-State Transformer (SST) is envisioned as the best candidate for the future
smart grid scenario due to its flexibility and advanced control features. The SST is a power
electronic-based transformer that can provide advanced services and grid-supporting fea-
tures, besides galvanic isolation and voltage adaptation, through its control system, and
therefore is intended for replacing conventional Line Frequency Transformers (LFTs) at
strategic nodes of the grid. The core isolation stage of the SST operates at high frequen-
cies, enabling volume and weight reduction of the whole system compared to traditional

and bulky LFTs.
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In the IoE scenario, the most suitable SST configuration is the triple-stage one, con-
sisting of three conversion stages. However, the SST control is intrinsically complex due
to the large number of stages. The design of the overall control system is challenging
because of the coupling among controllers. Additionally, multistage cascaded converters
are significantly prone to instability due to interaction between converters. Furthermore,
even if the SST is stable as a standalone system, it may become unstable when connected
to the grid because of dynamic interactions with other grid-connected converters, leading

the harmonic instability phenomenon.

6.1 Results and Conclusions

In light of the above, this thesis aimed to explore the SST stability issue from both the
DC-bus and grid-connection perspectives, providing insights on the SST dynamics and
offering a valuable design tool from both the control and system level aspects. The key

points covered in this work are the following:

e The work developed in this thesis starts by reviewing the modern SST topologies and
architectures, in order to clarify the current state-of-the-art of the SST technology.
The main advantages and disadvantages of the most common SST structures, i.e.
the single-stage, double-stage and triple-stage topologies, are also highlighted. The
SST topology at the basis of this thesis is introduced, namely the UNIFLEX-PM.
Moreover, existing applications and future trends are presented. In this context,
with the current grid paradigm that tends to shift towards the so-called IoE scenario,

suitable topologies for such applications are discussed as future ERs;

e In Chapter 2, the UNIFLEX-PM converter which constitutes the starting point of
this thesis is reviewed with respect to the current available topologies. The MV AC-
DC stage is discussed and a comparison between two well-known topologies, i.e. the
MMC and CHB converters, is presented. Design rules are also highlighted. As for
the AC-DC stage, also the DC-DC isolation stage, i.e. the DAB converter originally
implemented on the UNIFLEX-PM, is introduced and its choice is motivated. These
results allowed to confirm the UNIFLEX-PM topology as suitable SST architecture

for the future IoE scenario;
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e Chapter 3 presents the modeling of the whole SST system. This is required to de-
veloped the control system and, later, to assess the stability issue of the converter.
Moreover, the SST average model allows to perform faster simulations. In this con-
text, the CHB average and small-signal models are presented, both for the natural
reference frame and for the synchronous reference frame. As for the CHB, the DAB
small-signal model is also provided. Thereafter, the SST control architecture is pre-
sented. Special focus is posed on the CHB DC-link balancing control system, which
for a three-phase topology consists of a three-layer regulation system. In particular,
the cluster balancing loop is often omitted in the literature as the balance operation
of the converter or of the grid is almost always assumed. Finally, simulation results

verify the validity of the proposed SST model,

e In Chapter 4, the stability assessment of the SST is finally presented, from both
DC-bus and grid-connection points of view. In the first case it was pointed out that
that the direction of the power flow and the voltage rating at which the SST works
may be sources of instability. The first issued is due to the non-symmetric control
structure of the SST. In the second case, in particular the analysis aimed to discuss
the input impedance matrix properties in terms of its passivity, thus helping the
designer to achieve a stable grid-connected system. Through the derivation of a
simplified expression for the d-axis impedance, it is demonstrated that the DC-DC
load can increase the passivity region boundary. Also, a mention regarding the effect
of the DC-DC stage on the inverter and reactive operation modes of the MV AFE,
along with the impact on the synchronization loop (i.e. the PLL), is presented.

These aspects are left open to future work.

e Finally, Chapter 5 concludes this work. The design of the modular SST structure
under investigation is presented. In particular, a B2B-PM which consists of two H-
Bridges interfaced via a DC-link is chosen as basic building block. The component
selection is discussed and both power and gate driver PCB boards are designed.
Ultimately, open-loop test verified the proper operation of the B2B-PM under both

no-load and light-load conditions.
Based on that, from the author’s perspective future research work challenges for the
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selected UNIFLEX-based SST topology concerns the implementation of the third port,
thus shifting towards a multi-port SST topology. From the topological review, more
recent SST topologies based on multi-port DC-DC converters might be considered to
solve the intrinsic problem of the UNIFLEX-PM converter, highlighted in Chapter 2.
From the stability point of view, modeling the interactions among different ports and,
especially, among different controllers is challenging and is still almost an open topic
today. Furthermore, advanced SST control approaches such as the grid-forming control

should be considered and analyzed from the stability perspective.
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