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Abstract

This master’s thesis presents the design and analysis of the inverter stage and controller archi-
tecture for a modular solid-state transformer (SST) to interconnect DC microgrids and a 10kV
AC grid for bidirectional power flow. The research focuses on inverter topologies, modulation
techniques, and modular controller architecture.

The inverter stage, a crucial stage of the modular SST, converts DC power from microgrids
to AC power suitable for the 10kV AC grid. The most popular inverter topologies for modular
converters are researched and investigated based on their compatibility with the specific appli-
cation. Factors such as efficiency, power quality, harmonic distortion, number of components,
control complexity, and scalability are considered for this process. Along with the topology,
modulation techniques are important in producing high-quality output waveforms and efficient
power transfer. Different modulation strategies, including pulse width modulation (PWM) tech-
niques and space vector modulation schemes specifically for multilevel converter applications,
are reviewed and discussed in terms of how they affect the system’s performance.

In addition to the inverter stage, the thesis focuses on designing a modular controller architec-
ture for the SST. The controller design prioritizes maintaining flawless data flow and synchro-
nization between all controllers for converter and AC grid coordination. The central controller
and distributed control architectures are studied and evaluated for scalability, modularity, and
flexibility. The distributed architecture enhances the system’s overall flexibility but is subject
to synchronization issues and limitations in communication bandwidth. These issues are ad-
dressed in the developed design.

To evaluate the performance of the proposed inverter stage and controller architecture, ex-
tensive simulations and experimental validations are carried out. The simulations consider
various operating conditions, such as islanded and grid-connected modes, to assess the sys-
tem’s stability, control, harmonic content, and power quality in the output waveforms. The
simulation results indicate that the chosen inverter design and modulation strategies success-
fully attain high efficiency and minimal harmonic distortion in the operation of the converter.
The modular, distributed controller design demonstrates its ability to provide seamless opera-
tion and effective coordination between DC microgrids and the AC grid.

Overall, this master’s thesis contributes to the advancement of solid-state transformer tech-
nology by delving into the design of the inverter stage and controller architecture for inter-
connecting DC microgrids and a 10kV AC grid and providing useful insights. The findings
and recommendations can be a valuable framework for future research and development of
modular SSTs for grid-connected applications.
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Introduction

1.1. Background Information

Distributed Energy Systems (DES), like microgrids, are becoming increasingly important as
the world shifts towards more renewable energy sources. A microgrid is a small-scale grid
that can either co-exist and operate with the primary power grid or operate independently. It
consists of several interconnected power sources and loads that can be controlled and man-
aged as a single entity. Many challenges are being faced by traditional centralized power
systems, including energy security, resilience, and sustainability, and microgrids are emerg-
ing as promising solutions.

The concept of DC microgrids has been gaining popularity over recent years. A DC microgrid,
similar to any other microgrid, is a self-contained power system. However, it operates using
direct current (DC) rather than alternating current(AC), which traditional power grids use. Re-
newable energy sources such as solar panels and wind turbines naturally produce DC power
and are well suited for integrating into a DC microgrid. Integrating these renewable sources
with DC microgrids can help reduce the energy losses within a grid by eliminating the need for
DC/AC conversion and, thus, improve the efficiency of the entire power system.

There are several reasons why DC microgrids are becoming increasingly important. The abil-
ity to operate independently of the main power grid, providing a reliable source of electricity in
the event of a power outage, is one of the primary and most significant advantages. DC micro-
grids can also help to reduce the environmental impact of energy production by incorporating
more renewable energy sources and improving energy efficiency.

In addition to these benefits, DC microgrids can help tackle some of the issues confronting
traditional power grids. For example, by providing localized power generation and distribution,
they can help reduce the demand for expensive upgrades in the current infrastructure and
transportation needs. They can also help minimize the dependence on centralized power sys-
tems vulnerable to cyber-attacks and other security threats, thus, enhancing energy security.
Overall, DC microgrids have the potential to be critical in the transition to a more sustainable
and resilient energy system. As technology evolves and prices drop, we expect to see increas-
ing adoption of DC microgrids in various applications.

The electrical grid is one of modern society’s most vital infrastructure systems, delivering elec-
tricity to homes, businesses, and industries. With the increasing adoption of renewable en-

1



2 Chapter 1. Introduction

ergy sources as explained in [1] and the electrification of transportation systems, the tradi-
tional power grid faces new challenges, including improved reliability, efficiency, and flexibility.
Solid-State Transformers (SSTs) are emerging as a promising solution to these challenges,
offering a range of benefits over traditional transformers with application areas, as shown in
Fig.1.1.

For over a century, traditional transformers have been used to step up or down the AC voltage.
However, with the changing grid design for the future, they are unsuitable and have several
limitations. This includes factors such as being bulky, inefficient, and vulnerable to voltage
fluctuations and other disturbances. Integrating renewable and distributed energy resources
into the current utility grid requires adapting advanced power electronics technology.

Lilily
1 1 1

+700V

-700V —

PhaseA| [PhaseB] [Phase O DC Microgrid - Solar Parking

Isolated DC-DC Isolated DC-DC |Isolated DC-DC
Converter Converter Converter

Solid State
Transformer

10kV AC Grid

Figure 1.1: Application of Solid-State Transformers

To overcome all these drawbacks of conventional transformers and provide more flexibility,
solid-state transformers can be utilized as explained in [2]. They incorporate semiconductor
technology to convert AC power to DC power and back to AC power at the desired voltage
level. They offer several advantages [3] over traditional transformers, including:

1. Increased efficiency: SSTs are more efficient than conventional transformers due to
the usage of semiconductors, which aids in lowering overall energy losses and, thus,
helps lower electricity prices.

2. Better voltage regulation: SSTs with proper control techniques can help regulate the
voltage better. Their inherent support for advanced power electronics is essential for
integrating renewable energy sources and other distributed energy resources.

3. Improved reliability: SSTs are more reliable than conventional transformers, as they
are less susceptible to failures. They also can operate in a wider range of conditions.
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4. Reduced size and weight: SSTs are more compact and lighter than conventional trans-
formers due to advanced semiconductor technology, which helps reduce the overall
space required for substations and makes the installation process easier. Their abil-
ity to operate at high switching frequencies helps reduce the required inductance and
overall size, increasing power density.

Overall, SSTs have the potential to play a critical role and be an integral part of the future grid,
as they can aid in improving the efficiency, reliability, and modularity of the power system. As
semiconductor technology continues to grow and prices reduce in the future, there lies a huge
potential for SSTs to be used in a wide range of applications.

Smart
functionality

Size and |nt98c:?tlon
Weight
. renewables
Solid State
Transformer
Fower Grid stabilit
Quality rid stability

Figure 1.2: Advantages of Solid-State Transformers

1.2. Motivation and Research Questions

Traditional power distribution systems fail to adapt to the power grid’s rapidly changing power
requirements as the demand for renewable energy sources rises. Conventional transformers
cannot provide the essential control and power conditioning required to efficiently integrate
renewable energy sources into the existing grid, resulting in power quality concerns and dimin-
ished system stability. Solid-state transformers (SSTs) have emerged as a viable alternative
to conventional transformers, providing increased efficiency, reliability, and flexibility.

However, further research is required into the design, control, and deployment of SSTs in
power distribution systems. As a result, there is an immediate need to investigate the potential
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benefits of SSTs and solve the issues associated with integrating renewable energy sources
into the grid. SST research studies can give insights into the design, control, and performance
of SSTs in real-world applications, allowing power engineers to design and build more efficient,
modular, and sustainable power distribution systems capable of meeting the rising demand for
renewable energy sources. The following research questions are addressed in this thesis:

1. Which topology is best suited for a medium voltage (10kV) DC/AC converter in a solid-
state transformer (SST)?

2. What are the different modulation techniques for multilevel grid-connected power con-
verters and how to implement them?

3. What is a suitable control architecture for a modular solid-state transformer (SST), and
how to design it?

1.3. Thesis Outline

Following a thorough literature review and several simulations, the research questions are
addressed in several sections of this thesis. The synopsis of each section of the research
work is given below:

» Chapter 1 provides the required background information, the need and motivation for
research, and the structure of the thesis.

» Chapter 2 discusses a literature review of multilevel converters, including the most pre-
ferred topologies for similar application converters and their modulation techniques. It
also focuses on specific parameters, such as the switching frequency, Total Harmonic
Distortion (THD), output filter sizing, and the associated challenges in designing the sys-
tem.

» Chapter 3 focuses on developing a suitable controller architecture for modular SSTs. It
starts with a comparison of central and distributed designs and addresses the scalability
and flexibility issues. It also provides solutions to overcome constraints such as com-
munication bandwidth, isolation requirements, and data synchronization in distributed
control architecture.

» Chapter 4 focuses on the developed space vector algorithm for multilevel converters.
The challenges in using SVPWM for higher-level converters are compared with SPWM
modulation strategies regarding THD levels and switching losses. It also provided insight
into the computational aspect of using such algorithms on microcontrollers.

» Chapter 5 provides insights into the implemented hardware boards and testing results.
Several considerations for the hardware prototype design are discussed in this chapter.
Several tests on the developed hardware to validate the design and their outcomes are
discussed.

» Chapter 6 concludes the work done in this thesis and briefly describes potential future
developments to further the work into modular SSTs.

1.4. Summary

The introduction chapter provides an overview of the background information, research ob-
jectives, motivation, and scope of the thesis project. The chapter begins by emphasizing the
increasing relevance of solid-state transformers (SSTs) in modern power systems, notably in
interconnecting DC microgrids with the AC grid. It underlines the importance of efficient power
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flow between the grids, which can be accomplished by designing a modular inverter stage and
controller architecture.

The introduction chapter concludes by outlining the methodology adopted in the research and
the chapters’ overview classification. The introduction chapter sets the stage for the subse-
quent chapters, highlighting the importance of designing an efficient inverter stage and con-
troller architecture for interconnecting DC microgrids and a 10kV AC grid with bidirectional
power flow.






Literature Review: Inverter Topology
and Modulation Techniques

Solid State Transformer was first mentioned way back in 1980 [4]. However, it was not con-
sidered feasible with the hardware and technology solutions back then. There has been con-
tinuous research and evolution in the field of power electronics. The research work made the
concept of SSTs more and more feasible and exciting. This tremendous amount of research
enables us to develop different hardware architectures and topologies. It also gave rise to sev-
eral application areas for SSTs, such as traction systems, smart grids, and energy generation
systems, as mentioned in [3]. This thesis will limit its focus to the interconnection between
DC microgrids and the existing AC grid. This chapter focuses on the research conducted in
different converter topologies and their modulation techniques.

DC Link

L
-

DC-DC Isolation Stage DC - AC Inverter Stage

DC Microgrid MVAC

Figure 2.1: Type of SST

For interconnecting a DC microgrid with the existing medium voltage AC grid, a two-stage SST
[2] is required.

S.No. Parameter Value
1. DC Voltage +-700V
2. AC Voltage 10kV, line-line, rms
3. Power Rating 100-150 kVA
4, Power Flow Bidirectional
5. Design Methodology Modular and Scalable
6. Control Requirement | Microcontroller based system

Table 2.1: Initial Design Parameters

For this application, SST involves an isolated DC-DC converter with a high-frequency isolation
transformer and a DC-AC converter at the secondary side with a DC link between the two

7



8 Chapter 2. Literature Review: Inverter Topology and Modulation Techniques

power electronics converters, as shown in Fig.2.1. The isolation stage ensures that the fault
currents from one grid do not affect the other grid. The converter enables bidirectional power
flow between the two grids with all the merits of an SST mentioned earlier. The following
parameters, as shown in Table 2.1, are considered for the initial design phase.

Before delving into converter topologies and their suitability for specific applications, the two
converter configurations - star and delta topologies must be compared. A simple configuration

of delta and star inverters is shown in Fig. 2.2.
a b c
G " =) wEmE

&) Vbe AC grid : : : AC grid
N

(a) Delta-connected Inverter (b) Star-connected Inverter

Figure 2.2: Delta and Star Configurations

As can be seen in Fig.2.2, for a grid-connected inverter, the full bridges in each of the legs of
the inverter must be rated for a higher voltage in the case of delta configuration (Viine = Vphase)
than in the case of star configuration (Vj;n. = v/3 * Vphase)- This is because each of the legs in
a delta inverter has to be rated to handle the line-line voltage as compared to a star inverter,
where each of the inverter legs has to be rated to handle only the line-neutral voltage, which
is lower than line-line voltage by a factor of v/3. An alternative to using full bridges with higher
voltage-rated switches is using a higher number of cascaded full bridges.

A delta-connected inverter allows for significant advantages such as the potential to deal with
inter-phase power imbalance in PV applications, as explained by [5]. However, these advan-
tages are irrelevant to this project, so only star-connected configurations are considered in
this thesis.

2.1. Multilevel Converter Topologies

To approach this design, research into multilevel converters is required. A multilevel con-
verter uses several commercially available, inexpensive, and comparatively low voltage-rated
power electronics devices and is scalable to higher voltage levels. This results in a complex
design and several challenges in the implementation phase. However, with proper research
and further development, multilevel converters are becoming attractive for power electronics
converter designs. On the other hand, using simple two-level converter results in a more
straightforward overall design. However, it requires high-power semiconductor technology,
and the device ratings limit the overall system scalability. As demonstrated in [6], the dif-
ferences between the conventional and multilevel inverter topologies are summarized in the
following Table 2.2:
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Two-Level Multilevel
Parameter
Inverter Inverter
Total Harmonic Distortion (THD) High Low
Switching Losses and Stress ngh switching .frequency, Low switching frequencies,
high losses, high stress low losses, low stress
dv/dt High Low
Voltage Levels/ Application Lower voltage levels Higher voltage levels

Table 2.2: Two-Level vs. Multilevel Inverter

Multiple DC

Single DC Source Sources

Modular

Cascaded
Inverters

Flying Capacitor
(FC)

Neutral Point Multilevel

Converter (MMC)

Clamped (NPC)

Cascaded H-NPC

Cascaded H-

Bridge (CHB) (HNPC)

Figure 2.3: Multilevel Inverters Classification

There are two different types of multilevel topologies [6, 7] according to the voltage sources at
the input of the inverter, as shown in Fig.2.3. In the DC-AC conversion stage of SST, multiple
DC sources are available as input from the respective DC-DC converter stages. Therefore,
for this application, multiple DC source inverter topologies are suitable. The two cascaded
topologies are compared and summarised in the following sections. By cascading all the DC
sources, MMC topology can also be investigated for this design, as it has become a popular
choice in power electronics inverters.

2.1.1. H-Bridge Neutral Point Clamped Converter

The H-NPC multilevel inverter topology is based on connecting several H-Bridge NPC con-
verters [7] in series, each with a separate DC source and split capacitors. A typical structure
of H-NPC is shown in Fig.2.4. As can be seen from the figure, the output terminals of each
H-bridge are connected in series, and the input consists of separate isolated DC sources with
DC split capacitors. Apart from the general advantages of a multilevel inverter topology, a
cascaded H-bridge multilevel PWM inverter also uses identical units of the H-bridge inverter,
thus improving the modularity aspect of the system.
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2gl .

Figure 2.4: Typical H-Bridge Neutral Point Clamped Inverter

The main advantages of the H-NPC topology are:

» Each H-Bridge NPC can output five (+V, +V/2, -V/2, -V and 0) voltage levels. This trans-
lates to four times the number of DC voltage sources plus one (4N+1) for total output
voltage levels. Here, N is the number of DC voltage sources.

» The switching frequency for each power device is low, reducing the overall switching
losses.

* Due to the cascaded structure and split capacitor design, each power switch can be
rated only for half the maximum DC source voltage. This also results in a lower dv/dt
during each switching event and helps reduce Electromagnetic Interference (EMI).

The disadvantages of the H-NPC topology are:

* The number of components increases largely for every H-bridge and requires split ca-
pacitor voltage balancing. This requires a complex control strategy and many PWM pins
to drive the power switches.

» High voltage applications require multiple isolated DC sources, which are not always
available.
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2.1.2. Cascaded H-Bridge
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Figure 2.5: Typical Cascaded H-Bridge Inverter

The CHB multilevel inverter topology is based on connecting several H-Bridges in series [6],
each with a separate DC source. A typical structure of CHB is shown in Fig.2.5. As shown
in the figure, the output terminals of each H-bridge are connected in series, but the input
consists of separate isolated DC sources. Like H-NPC, the CHB multilevel PWM inverter also
uses identical units of the H-bridge inverter, thus improving the modularity aspect of the design.

The main advantages of the CHB topology are:

» Each H-Bridge can output three (+V, -V and 0) voltage levels. This translates to twice
the number of DC voltage sources plus one (2N+1) for total output voltage levels. Here,
N is the number of DC voltage sources.

» The switching frequency for each power device is low, reducing the overall switching
losses.

» Due to the cascaded structure, each power switch can be rated only for the maximum
DC source voltage. This also results in a lower dv/dt during each switching event and
helps reduce Electromagnetic Interference (EMI).

The disadvantages of the CHB topology are:
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* As the number of voltage levels increase at only a (2*N + 1) rate, several H-Bridges are
required in series to achieve a nearly sinusoidal output voltage with minimum THD.

* High voltage applications require multiple isolated DC sources, which are not always
available.

2.1.3. Modular Multilevel Converter

An MMC [7] consists of several identical power modules with a parallel link capacitor forming
sub-modules which are then connected in series to obtain an AC voltage output. A typical
structure of MMC with half-bridge sub-modules is shown in Fig.2.6. The power module op-
erates either to connect or bypass the link capacitor to the other capacitors in the leg. This
topology is currently receiving a lot of interest due to the modularity of the design and usage
of low-voltage-rated devices.

®
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® |
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Figure 2.6: Typical MMC Inverter

The main advantages of the MMC topology are:

* MMC is a modular and scalable topology making it feasible for medium voltage applica-
tions.

* Due to the number of sub-modules, it requires a small filter size at the output and inher-
ently produces low harmonic content.
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» The sub-module capacitors eliminate the need for any high-voltage link capacitors.

* Due to the high number of sub-modules, power quality can be maintained while reducing
the switching frequency, thus, reducing the switching losses.

The disadvantages of the MMC topology are:

» The sub-module capacitors must be pre-charged, and the average voltage across all the
submodules must be balanced.

* Due to alarge number of power devices and capacitors, a complex control circuitry needs
to be developed for the converter, which limits the number of levels that can be stacked.

2.1.4. Comparison between Cascaded H-Bridge, Modular Multilevel Converter,
and H - Neutral Point Clamped Converter

Modular Multilevel

H-Neutral Point

@ Parameter | Cascaded H-Bridge Converter Clamped Converter
Several identical sub-
All cells are modules can be All cells are
identical but stacked to achieve identical but
1. | Modularity reqwres.specmc different power levels. requwes.specmc
changes in control Each submodule changes in control
to add/remove can also be easily to add/remove
additional cells replaced in case additional cells
of fault conditions
High efficiency High efficiency
but requires but requires
2, Efficiency higher switching Very high efficiency higher switching
frequencies than frequencies than
MMC MMC
Complex structure
Complex structure with | with added components
. added components (sub- (double the number
Simpler structure . .
with verv few module capacitors) of switches compared
3. | Complexity ryew and requires highly to CHB, diodes and
components in . ,
complex control split capacitors)
each cell : .
and voltage balancing and requires complex
circuitry control and balancing
circuitry
Lower cost due High cost due High cost due
to lower number
to added components to added components
4. Cost of components
: and complex control and complex control
and simpler control . .
. requirements requirements
requirements
Can be configured Typically used in Can be configured
5 Voltage to handle ve medium voltage to handle ver
" | capability Y 9 y

high voltages

applications

high voltages

Table 2.3: Comparison - CHB vs. MMC vs. H-NPC
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All three topologies have advantages and disadvantages, and the choice between them de-
pends on the specific requirements of the application. The following table shows a common
comparison of the three topologies. It can be seen from the comparison in Table 2.3 that the
disadvantages outweigh the advantages in the case of H-NPC topology for this specific ap-
plication; MMCs are more modular and efficient but are more complex and expensive, while
CHBs are simpler and less expensive but have a narrower range of voltage capability. Be-
cause of the complexity and cost disadvantages inherent to MMC topology, and the inherent
drawbacks of H-NPC, it was decided to use CHB topology for this project’'s DC-AC stage of
the SST. The following sections of the report consider CHB topology for the further design
process and comparison of modulation strategies.

2.2. Modulation Strategies

For these multilevel converters, a huge challenge is to design and implement appropriate
modulation strategies. Traditional modulation techniques are difficult to implement due to in-
creased power switches and limited degrees of freedom. Most multilevel converters require
a control design to average the power and losses in each cascaded cell. They also allow
the implementation of better-switching patterns to reduce the harmonic content in the output
waveform by utilizing the available additional switching states. Several modulation strategies
have been developed with advantages/disadvantages for utilizing the maximum potential of
multilevel converters depending on specific applications. As explained in [3, 8], a brief cate-
gorization is shown in Fig. 2.7.

Multilevel PWM

techniques

Space Vector
PWM

Sinusoidal PWM

Level Shifted
SPWM

Phase Shifted
SPWM

Phase Opposition Alternate Phase

Disposition PWM

Phase Disposition
PWM

Opposition
Disposition PWM

J

Figure 2.7: Modulation Strategies

This chapter analyzes the approaches for controlling voltage source inverters that have re-
ceived much attention in recent years. Besides, as demonstrated in [9], the selected switching
method to control the inverter will effectively suppress harmonic components while producing
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the ideal sinusoidal voltage waveform at the output. Several pulse width modulation meth-
ods are used to control voltage source inverters. Some widespread methods are sinusoidal
PWM (SPWM) and space vector PWM (SVPWM) techniques. These modulation techniques
generate variable frequency and amplitude output voltage in voltage source inverters.

2.2.1. Sinusoidal PWM

Sinusoidal Pulse Width Modulation (SPWM) is a commonly used modulation technique in most
power converter designs to regulate the output voltage. It generates a PWM signal with vary-
ing widths of the pulse based on the required amplitude of the sine wave. This process can
achieve the average output voltage of a converter. SPWM technique requires a reference
wave and a carrier wave.

A reference sine wave of desired characteristics such as voltage and frequency is compared
with a triangular or saw-tooth switching frequency waveform. The output of this comparator
generates pulses known as the PWM signals, which are fed into the gate control pins of the
power switches. If the reference wave is higher than the carrier wave, the PWM signal is set to
a high state (ON state), and when the reference wave is lower than the carrier wave, the PWM
signal is set to a low state (OFF state). Three reference sine waves are used for a three-phase
converter; each phase shifted to the other by 120°. A typical SPWM switching operation is
shown in Fig. 2.8.

The switching pulses S,, S;, and S, are the upper switches of a typical 3-phase inverter. The
bottom switches of each leg of the inverter use complementary signals for their operation. By
adjusting the duty cycle or the pulse widths, the effective output voltage of the converter can
be controlled. For multilevel inverters, the SPWM technique can be divided into two broad
types [10, 11, 12].

A

; Phase A
/ ) Phase B

’ Phase C
Carrier Wave

Figure 2.8: Sine PWM Switching Operation
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Phase-Shifted SPWM is used in multilevel converters and consists of multiple carrier sig-
nals. Each half-bridge is assigned to a single carrier, and all carrier waves are phase shifted
with respect to each other. This helps generate a staircase-type waveform following the refer-
ence sinusoidal waveform at the output with multiple levels. Also, as each carrier wave is of
switching frequency, the switching events in each power switch occur at the carrier frequency.
However, the output waveform of the converter has a frequency equal to the product of the
number of carriers and switching frequency. This helps reduce the overall size of the output
filter and, thus, the complete system. PS SPWM also inherently has the property to distribute
the power among all the cells evenly in converters like the CHB. This eliminates the need to
implement a power-balancing strategy for the multilevel converter. A typical 5-level PS SPWM
waveform and its corresponding switching events [13] are shown in Fig. 2.9.

Half Bridge carrier 1

Half Bridge Carrier 2
Half Bridge Carrier 3
Half Bridge Carrier 4

Reference Wave

Figure 2.9: Phase-Shifted SPWM Switching Operation

Level-Shifted SPWM is also used in multilevel converters and consists of multiple carrier
signals representing the possible voltage levels of the converter. Each half-bridge is assigned
to a single carrier, and all carrier waves are level-shifted with respect to each other vertically.
However, each carrier is of the same magnitude. This method also generates a staircase-type
waveform at the output with multiple levels. However, as each carrier wave is of switching fre-
quency and is vertically stacked, the output waveform of the converter has a frequency equal
to the switching frequency. The LS-PWM method can result in lower harmonic content [14]
but not by a huge margin compared to PS SPWM. LS SPWM inherently does not have the
property to distribute the power among all the cells evenly in converters like the CHB [15].
Therefore, it requires implementing a power-balancing strategy for the multilevel converter. A
typical 5-level LS SPWM waveform and its corresponding switching events are shown in Fig.
2.10.
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Figure 2.10: Level-Shifted SPWM Switching Operation

Based on the phase differences of the level-shifted carriers, this method can be further classi-
fied as:

1. Phase Disposition PWM (PD-PWM): In this method, all the carriers of the converter are
in phase and vertically shifted, as shown in Fig.2.11(a).

2. Phase Opposition Disposition PWM (POD-PWM): In this method, all the positive carriers
of the converter are in phase and vertically shifted. All negative carriers are in phase and
vertically shifted, but the positive and negative carriers are 180°phase shifted with each
other as shown in Fig.2.11(b).

3. Alternate Phase Opposition Disposition PWM (APOD-PWM): In this method, each of the
carriers of the converter is 180°phase shifted to the next carrier, and all carriers are again
vertically shifted as shown in Fig.2.11(c).
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Half Bridge carrier 1
\ \ Half Bridge Carrier 2
*) Half Bridge Carrier 3
Half Bridge Carrier 4
/ / Reference Wave
(a) Phase Disposition SPWM
Half Bridge carrier 1
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*) Half Bridge Carrier 3
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(b) Phase Opposition Disposition SPWM

Half Bridge carrier 1
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Half Bridge Carrier 3
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(c) Alternate Phase Opposition Disposition SPWM

Figure 2.11: Types of Level-Shifted SPWM

2.2.2. Space Vector PWM

Space Vector Pulse Width Modulation (SVPWM) is a more complex modulation technique
used in three-phase systems to generate output voltage waveform for a modulation index
greater than one (m > 1). It is therefore considered to provide an improved DC voltage bus
utilization and reduce the harmonic content [9] compared to the above-discussed sinusoidal
PWM techniques. However, to achieve this high performance, SVPWM required complex cal-

culations and higher computing power in the case of multilevel converters.

To understand the working of SVPWM in power electronics converters [13, 16], we take the
example of a three-phase three-level inverter. The space vector diagram for this converter is
shown in Fig.2.12 with the position of the reference vector and all the switching states in o - 3

frame:
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Figure 2.12: Space Vector Representation of three-phase three-level converter

1. First, the three-phase values of voltages and currents are transformed using Clark trans-
formation from the standard abc stationary reference frame to a rotating reference frame.
This is also called the stationary « - 8 frame or the synchronous d — ¢ frame.

2. The reference vector represents the required amplitude and phase of the output on the
a - § frame. This reference vector sweeps through the area of the hexagon created by
the first step representing all possible voltage magnitude and phase values.

3. Based on the position of the reference vector, the sector of that position is determined.
The complete hexagon is divided into multiple triangles called 'sectors,’ representing the
nearest three switching states.

4. Then, based on the position of the reference vector inside the sector, the time duration for
each of the nearest three switching states is calculated using simple geometry. There
are several ways to realize multiple switching states at the same position. A few are
designed to reduce the switching events, while others help reduce the common-mode
voltage.

5. The switching states are realized by providing the gating pulses to the power switches
for the calculated times to generate the desired waveform.

It can be observed that the number of switching states of the 'n’ level multilevel converter is
equal to 'n?®’ with increasing redundant switching states as the levels increase. This problem
makes SVPWM a less popular choice [17] in higher-level converters.

2.2.3. Comparison between Sinusoidal PWM and Space Vector PWM

As explained above, space vector pulse width modulation (SVPWM) and sine pulse width
modulation (SPWM) are the common modulation techniques for inverters in power electronic
applications. Both techniques have advantages and disadvantages, and their choice depends
on the specific requirements of the application [9, 18]. Here is a final comparison of the two
techniques:
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Space Vector Sinusoidal
S.No. Parameter ~ PWM ~ PWM
. D.'ﬁ'CUIt to |mplemept, Simpler technique with
1. Complexity requires complex algorithms .
. s lesser calculations
to optimize switching pattern
More precise control results .
. ) . . Produces more harmonic
2. Harmonic Content | in lower harmonic content in
content than SVPWM
the output voltage
By optlmlglng_the §W|tch|ng Results in more switching
pattern, it minimizes the " . )
. oo transitions which results in
3. Efficiency number of switching
" . more losses and reduced
transitions and helps increase .
. efficiency
the overall efficiency
Controls the magnitude Generates a sinusoidal
Output Voltage and phasg of output. waveform of flx.ed-.
4. Qualit voltage precisely resulting frequency, resulting in
y in fewer distortions and more distortions in the
a smoother waveform output waveform
Uses digital signal Can be implemented
5, Implementation processing W|’Fh comp!ex using s.lmple.r analog
algorithms, which requires circuits which are
a digital controller cost-effective

Table 2.4: Comparison - Space vector PWM vs. Sinusoidal PWM

Overall, both SVPWM and SPWM are viable options for modulation in power electronic in-
verters, and the choice between them depends on the specific requirements of the application.
SVPWM offers better efficiency, lower harmonic distortion, and better output voltage quality but
is more complex and requires digital implementation. SPWM is simpler, more cost-effective,
and suitable for analog implementation but has higher harmonic distortion and lower output
voltage quality.

Considering all the above-mentioned advantages, SVPWM offers, it seems to be the ideal
modulation strategy for grid-connected inverter applications. However, on further research into
the application of SVPWM on multilevel converters, it was discovered that the computational
power requirement increases largely with the number of levels of the converter. This demands
a smart, modular algorithm to implement SVPWM to make it feasible for such applications.
This research and developed algorithm aspect are explained in detail in Chapter 4.

2.3. Dead time effect on output waveform

Dead time refers to the time period between switching intervals where both the top and bot-
tom switches of a half-bridge are turned off. This is required to account for the finite turn-on
and turn-off times inherent to any power switch in power converters. This helps avoid a shoot-
through current through the converter, thereby protecting the power devices and the converter.
The value for this blanking time depends on the type of switch used in the converter. Provid-
ing dead time is necessary for the input gating signals for over-current protection. However,
introducing this period in the gate signals leads to distortions in the output voltage and current
waveforms [19].
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To understand this phenomenon better, we consider a full bridge inverter as shown in 2.13.
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Figure 2.13: Full-bridge converter with ideal and actual switching signals

The effect of dead time can be divided into two cases, one with a positive output current and
the other with a negative current. The output current direction is positive when switches S, and
S, are in on-state and conducting current. At the end of this state, both switches are turned off,
and the current flows through D, and D3 before the switches S, and S5 turn on, and then the
current direction is reversed. This delay caused by the dead time reduces the output voltage
amplitude as the duty cycle is effectively reduced.

Similarly, while transitioning from a negative to a positive current state, the dead time reduces
the output voltage magnitude. This difference causes an undesired shift in output voltage
waveform at the transition point in the current direction. This effect is shown in Fig.2.14.

Research conducted by [20, 21, 22] developed potential solutions to mitigate the effect of dead
time in inverters. A few papers suggest solutions that dynamically decrease the dead time to a
minimum value every switching cycle by accurately measuring the states of the power switches.
However, the most common solution requires external analog circuitry and the control circuit.
They require a high-frequency detector to detect the zero-crossing time instant of the current
waveform. Further investigation is needed to develop these circuits and is not included in the
scope of this thesis project. Instead, a safe value of dead time is included in all the simulations
and design processes, and other system parameters are designed accordingly, as explained
in the next section.

However, using a constant dead time in an inverter design restricts the maximum switching
frequency, as demonstrated in [19]. This is because, for a smaller switching period, the ratio
of dead time to on-time of a power switch is higher than for a larger switching period. This
causes higher distortions in the waveform, making the output filter size difficult to realize.
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Figure 2.14: Distortion caused by dead-time in the output voltage waveform

2.4. Total Harmonic Distortion (THD) and Output Filter

Total Harmonic Distortion (THD) is a significant parameter to determine the output quality of a
power electronic inverter. It represents the total harmonic content in the output voltage and cur-
rent waveforms. Higher THD translates to lower power quality, increased losses, and possible
interference with other systems connected to the grid. Therefore, lowering the THD content
as much as possible is important. In grid-tied inverters, there exist standards that define the
maximum allowable percentage of harmonics to that of the fundamental frequency.

Several aspects of an inverter influence the overall THD content. These include the switch-
ing frequency, modulation techniques, and the capability of the output filter to attenuate the
harmonics. As explained in the previous section, including dead time in the models restricts
the maximum possible switching frequency. Therefore, the output filter design and modu-
lation techniques determine the harmonic content in the output voltage waveform. Various
modulation techniques and their advantages are already discussed earlier. The results from
simulations to compare the effectiveness of these modulation techniques will be discussed in
4.

An output filter is required to prevent injecting the harmonic distortion and any disturbance
generated by the inverter into the grid, which is required to maintain high power quality. There
are three common topologies used as output filters as discussed in [23] for power electronic
inverters:

1. L Filter - An L filter typically uses an inductor placed in series with the inverter out-
put. This type of filter is used to reduce the current ripple, provide high attenuation to
high switching frequency components from the inverter, and allow the low-frequency
fundamental component to pass through. L filter attenuates the harmonics with a -
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20dB/decade roll-off rate.

2. LC Filter - An LC filter typically uses an inductor placed in series and a capacitor in paral-
lel with the load at the output of an inverter. This type of filter provides higher attenuation
to high switching frequency components, both L and C. The capacitor also provides a
high impedance to the fundamental frequency component to improve the power factor.
LC filter attenuates the harmonics with a -40dB/decade roll-off rate.

3. LCL Filter - A T network LCL filter typically uses two inductors placed in series and a
capacitor between them at the output of an inverter. This type of filter provides the high-
est attenuation to switching harmonic components from the inverter, and the capacitor
provides further filtering and power factor correction. LCL filter attenuates the harmonics
with a -60dB/decade roll-off rate.

The decision to select a filter depends on the specific requirement of the application. L filters
are simple and cost-effective but provide minimal harmonic attenuation. On the other hand,
LCL filters are expensive and more complex to design but provide the best performance to
maintain high power quality.

2.5. Summary

This chapter discussed the research and literature studied for the inverter design process. Sev-
eral papers and notes are compared, discussed, and documented to understand the design
parameters. The chapter begins by emphasizing the need for multilevel converters, the most
popular multilevel topologies for inverter applications, and compares them to several param-
eters. Then, the significance of using the right modulation techniques for a power electronic
converter and the requirements for a multilevel converter is discussed. Sinusoidal PWM and
Space Vector PWM are introduced and compared for advantages and drawbacks while focus-
ing on multilevel converter topologies.

The chapter also introduced concepts including dead time, switching frequency, THD, and
output filter selection for an inverter. Each of these concepts is briefly discussed for a power
electronic converter. Understanding these concepts is significant to follow the design process
of the inverter stage explained in Chapter 4.






System Controller Architecture

In multilevel power converters, the controller architecture plays an important role in the overall
system design. The controller architecture has to be flexible and modular to ensure system
scalability. In general, it refers to controllers’ overall layout and data transfer between them
to ensure the ideal operation of the converter. As described in [24], two typical controller ar-
chitectures are used for power converters: centralized controller architecture and distributed
controller architecture. Each architecture has advantages and drawbacks, making selecting
one design for all applications challenging. Therefore, an in-depth understanding of the spe-
cific system is required, along with research into both designs to employ a particular design
for the system.

The following sections explain both architectures with specificimplementations needed to prop-
erly control a multilevel converter, such as a modular SST. Communication protocols are the
next most important aspect of control architecture design. Therefore, several available pro-
tocols are proposed in this chapter. The synchronization problem in distributed controller ar-
chitecture design is addressed, and ways to mitigate this effect are discussed. The chapter
concludes with a summary of all the challenges addressed and proposed solutions for the
complete system and the initial prototype.

3.1. Central Controller Architecture

The central controller architecture uses a single controller, which is responsible for all the con-
trol tasks of the complete system. Itis required to monitor and control all the cells. Thisincludes
receiving feedback signals from all the sensors distributed across the system, processing this
information, and generating the required control and gating signals for all the power devices.
However, this design is impractical at higher-level converters due to a large number of power
devices and sensors requiring huge computational capability [25] in the controller. A few ad-
vantages and disadvantages of this type of architecture are explained below:

Advantages of Central Controller Architecture

» Enables a coordinated control of the entire system by using a single controller

* Helps optimize the system-level control algorithms by not causing any communication
delays

+ Eliminates the need for high bandwidth communication line requirements

25
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Figure 3.1: Central Controller Architecture

Disadvantages of Central Controller Architecture

« Difficult to implement as the control logic is very complex

* Very expensive as a very powerful central controller needs to be used with high compu-
tational power

 Single point of failure as the complete system is shut down in the event of any fault with
the central controller

* Restricts the modularity and scalability aspect of the system by the limited hardware

3.2. Distributed Controller Architecture

The distributed controller architecture uses multiple controllers distributed across the system,
where each one is responsible for managing the control tasks of only a specific part of the sys-
tem. Each controller is required to monitor and control a specific cell. This includes receiving
feedback signals from the sensors that are part of the specific cell, processing the informa-
tion, and generating the required control and gating signals for the power devices of that cell.
Apart from these tasks, it must send/receive the required data to the neighboring controllers
for system-level operation [25]. However, this requires a robust communication network [26]
connecting all the cell-level controllers. This design is ideal for higher-level converters as the
computational requirement of each controller remains identical. This type of architecture re-
quires precise coordination with other controllers in the system to ensure smooth operation. A
few advantages and disadvantages of this type of architecture [27] are explained below:

Advantages of Distributed Controller Architecture

* Reduces the control complexity of each local controller

» The fault handling capability/redundancy of the system is increased as the failure of one
local controller does not affect the complete system

» As each controller handles only a specific part of the system, less computational power
is required, which translates into less expensive hardware
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Figure 3.2: Distributed Controller Architecture

Disadvantages of Distributed Controller Architecture

» Coordinating all the local controllers is a huge challenge in terms of synchronizing the
gating pulses and data

» Optimization of system dynamics is more challenging as local controllers have access
to limited data

As seen from the above comparison, the selection between the two architectures [8] depends
largely on the specific requirements and constraints of the application. A careful analysis must
be performed as both have different advantages and drawbacks.

3.3. Communication Protocols

Traditional converters consist of a central controller, and all the voltage and current measure-
ments are sensed and processed by it. This type of system requires a customizable hardware
interface for specific applications. This type of system loses its modularity and scalability. Mod-
ern converters incorporate several local controllers for each building block, and a system-level
controller communicates with all the local controllers.

High

HEEl-e bandwidth

Low jitter @ Scalability DRI

mode

Figure 3.3: Requirements in a communication protocol

Such distributed systems require a robust, synchronous communication system [28] to com-
municate efficiently with all the controllers. In the case of power converters, the output voltage
quality is greatly influenced by the accuracy of this synchronization. Modular converters have
a control period as low as 10 microseconds with switching frequencies in the order of tens
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of kilohertz. A fast communication protocol must be employed to enable such high speeds
for data transfer. High accuracy and low latency are among the key requirements [24] of the
selected communication protocol.

Due to the above-mentioned synchronization requirements, non-real-time communication pro-
tocols such as Ethernet cannot be considered. There are several potential communication
protocols for power converters applications. The most widely used protocols include Ether-
CAT, SPI, and CAN. The following sections investigate these three communication protocols
and compare their advantages and disadvantages.

3.3.1. EtherCAT

EtherCAT has received particular attention among the protocols mentioned due to its high
communication speed and scalability. This protocol is highly used in industrial automation
and large companies. It is a real-time Ethernet-based field bus system with an extremely low
synchronization jitter of less than 1us. Apart from these advantages, EtherCAT includes an
in-built synchronization technique called "Distributed Clocks,” explained in detail in the follow-
ing sections, which is extremely efficient and helps achieve very high accuracy of the control
system.

Working Principle

Ethernet
fia i EtherCAT Data FCH

EtherCAT EtherCAT Datagrams
Header

Datagram 1 Datagram 2 - Datagram 15
Datagram Working

@

Figure 3.4: EtherCAT Telegram [29]

To understand the basic operation principle [28] of EtherCAT, it is important to understand the
standard Ethernet frame, as the EtherCAT datagram is encapsulated in an Ethernet frame.
EtherCAT uses a master-slave configuration to transfer data [30, 31] where only the master
can initiate the communication. The EtherCAT master sends a telegram that travels through
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each of the slave controllers. The data addressed to the slave is read "on the fly,” and informa-
tion is added to the frame as it travels to the next node. Unlike other protocols, the slaves do
not copy the entire frame and forward it to the next node. This reduces any processing delays
in the slave controllers and, thus, increases the effective data rate. The last slave controller
sends the frame back to the master using the full-duplex feature of EtherCAT.

The above Fig. 3.4 shows the complete EtherCAT telegram, which consists of the EtherCAT
datagrams and headers. Up to 15 datagrams can be included in one telegram. EtherCAT
allows for complete flexibility with the topology, such as line, star, tree, or daisy chain. Along
with these topologies, another useful feature is the use of ring topology in redundancy mode.
This means the master can manage two ports and use the second port in case of a fault in the
first one. It can connect to up to 65,535 devices using these topologies, making it suitable for
modular power converters. Also, EtherCAT enables the data exchange between the master
and slaves from 1 bit to 60k bytes.

Synchronization using Distributed Clocks (DC)

In power converters, highly precise synchronization is required between all the nodes. The
most common synchronous communication methods face quality issues due to communica-
tion errors. EtherCAT overcomes these issues using synchronized distributed clocks as they
have a high degree of jitter tolerance, explained in [24]. This technique is completely hardware-
based and compensates for any propagation delays in the system as well.

The distributed clocks system distributes the exact time from the first slave controller to all the
other controllers connected to the bus while incorporating the specific propagation delays for
each node. This ensures that all the slave nodes are referenced to a single reference clock
resulting in a jitter of less than 1us. The synchronization method can be divided into two steps
to understand this process clearly. The first step is the propagation delay measurement, and
the second is the offset compensation of the slave’s internal clock to the reference clock.

Propagation delay: During this process, the master controller sends a data packet to the
slave controllers. Each slave adds the timestamp of receiving this data packet and forwards
it to the next slave. This also adds a processing time, t,. The last slave on the bus repeats
this process and sends it back to the master through all the slaves. This process adds a for-
warding time, ¢, in each of the slaves. If these are assumed to be constant for all the slaves
and the propagation delay, ¢,,., on the forward and return path for each of the adjacent slaves
to be the same, we can calculate the propagation delay between each of the adjacent slave
controllers.

As it can be seen in the Fig. 3.5, the propagation delay between slaves 1 and 2 can be
measured as:

1 1
tdelay,le = *(ts,l - ts,Q) + i(tp - tf) (31)

2

The same process can be used to calculate the propagation delays between any two slave
nodes connected to the bus.

Offset compensation: Using the calculated propagation delays from step one, an offset can
be added to each node’s internal clocks to adjust their local time to the reference slave node’s
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internal time. This process enables all the nodes to be synchronized within 1us of each other.
This task can be performed at the start of the network or regular intervals during the system’s
continuous operation, which also resolves synchronization issues caused due to any drift in
the clock oscillators over time.
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Figure 3.5: Propagation Delay Calculation in EtherCAT [24]

3.3.2. Serial Peripheral Interface (SPI)

SPI is a synchronous board-level communication that works on a shared clock line for syn-
chronization. It is typically used in systems with operating bit transfer rates in the order of
megahertz. SPI, by default, operates as a full-duplex protocol, meaning it can simultaneously
send/receive data. This feature enables high transfer rates between the devices. Typically,
the devices are configured into a master-slave configuration in an SPI bus. However, SPI re-
quires more signal lines (typically a four-wire configuration but can also function in a three-wire
configuration). SPI does not have a standard message protocol for communication. Often, the
user defines their application-level protocols over the basic SPI protocol.

SPI is a short-distance communication protocol and is designed to operate for onboard ap-
plications. However, through optic fibers, SPI can be extended to longer distances, making
it possible to be used in distributed controller architecture [28]. The use of optic fibers also
helps in providing galvanic isolation to all communication lines. This design limits the final
communication speed of SPI due to the limited speed of optic transceivers.

Working Principle

Standard SPI communication works with four signal lines, namely: MOSI (Master Out - Slave
In), MISO (Master In - Slave Out), SCLK (Serial Clock), and the CS/SS (Chip/Slave Select). In
a multi-slave connection, all the lines except the CS line are shared among all the controllers.
The MOSI line transmits data from the master to the slave nodes, and the MISO line transmits
data from the slave to the master nodes. The most important aspect of SPI is that the data
stream can be sent without interruption, as there is no concept of data packets that limit the
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number of bits. Instead, one bit of data is transferred for every clock signal.

Daisy Chain: When multiple slave configuration is used, the master controller requires mul-
tiple slave select pins to connect to all the slave controllers. However, if only one slave select
pin is available, SPI allows for the slaves to be connected in a daisy-chained topology.

This feature highly makes SPI a suitable communication protocol for modular power electronic
converters by not compromising scalability. An example of a daisy-chain SPI system with three
slave nodes is shown below in Fig.3.6.

Figure 3.6: Daisy-Chain SPI Configuration

As seen in the figure, the MOSI line (commonly called SDO) of slave one is connected to the
MISO line (commonly called SDI) of slave two, and so on. The clock and slave select pins
are connected to all the slave nodes from the master. However, in this configuration, that
data takes longer to reach the chain’s lower nodes. This can be visualized as it takes six clock
pulses in a 2-bit system for the data to reach the third slave node compared to two clock pulses
to reach the first slave node.

Here is an example of the data transfer in a 2-bit daisy-chained system. A 2-bit system implies
the use of controllers with 2-bit registers. The master initiates the communication by pulling
the active low CS pin. The data from the shift register of the master is transferred to slave 1.
Similarly, data from slave 1’s shift register is transferred to slave 2, and so on. At the end of
6 clock cycles, all three slaves will contain the 6 bits of data, 2 bits of data in each slave, from
the master, who will have six bits of data from all three slaves. At this point, the master pulls
the CS pin high, executing the data in all the controllers.

SPI daisy-chained devices consist of tx and rx buffers apart from the shift registers. The slaves
can now add data into the shift registers for the next transfer of the data cycle. This process
is demonstrated in the figure.
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Figure 3.7: Daisy-Chain SPI data transfer in a 2-bit system

3.3.3. Controller Area Network (CAN)

CAN bus is a high-integrity communication protocol commonly used in automotive and indus-
trial systems [32]. CAN provides a reliable bus system that enables serial communication
between multiple devices. CAN bus offers data rates from 125 kbps to 1 Mbps with the stan-
dard 11-bit and extended 29-bit identifiers. Special versions of CAN, such as CAN FD, offer
flexible data rates from 0 to 64 bytes per frame and bit rates up to 2 or even 5 Mbps.

Working Principle

It operates as a multi-master broadcast system, sending short messages to every node on the
bus. The node can then determine if the message is relevant or not. The CAN-bus uses a two-
wire differential pair(CANH and CANL) for communication between nodes. Differential signals
allow for higher immunity against external influences such as high-voltage wiring, noise, etc.
The bit fields of a standard CAN frame with their explanation are shown below:

S| 11-pit |R|I E |1
O | 1dentifier | T [P |r0|DLC 0...8 Bytes Data CRC |ACK|O|F
F R |E F|S

Figure 3.8: Standard 11-bit CAN [33]

« SOF - This bit synchronizes all the nodes on a bus after being idle and denotes the start
of a message (SOF - Start Of Frame).

« 11-bit identifier - This field sets the message’s priority. 2! = 2048 different messages
can be sent using this 11-bit identifier. In CAN bus communication, each message con-
sists of an identifier field. The message with a higher priority (lower binary value of the
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identifier field) identifier gets access to the bus.

* RTR - This bit is used to specify the requirement of information from another node on
the bus (RTR - Remote Transmission Request).

» IDE - This field is used to inform all the other nodes on the bus that only a standard
CAN frame is being transmitted without any additional extensions to it (IDE - Identifier
Extension).

¢ r0 - A reserved bit.

» DLC - This field is used to specify the total length of the data being transmitted in that
frame to all other nodes (DLC - Data Length Code).

* Data - The actual data to be transmitted is added to this field.

* CRC - This field is used for error detection using checksum, which denotes the number
of bits being transmitted (CRC - Cyclic Redundancy Check).

* ACK - A standard CAN message frame includes an acknowledgment bit to ensure the
transfer of an error-free message. This bit is updated by the receiving node on receiving
an error-free message. Otherwise, the message is sent again, and the original corrupt
message is discarded (ACK - Acknowledgement)

* EOF - It denotes the end of a message (EOF - End Of Frame).

* IFS - This field is used to pass enough time before another frame is sent on the bus for the
node to receive the message into its buffer register completely (IFS - Inter Frame Space).

Similar to the above message structure, another type of CAN frame with a 29-bit identifier,
known as extended CAN, can be used, which increases the total number of messages to
approximately 537 million. CAN communication allows for both formats to exist on the same
bus. As seen from the working principle, CAN communication helps eliminate any errors in
the messages and ensures the high integrity of the data.

3.3.4. Comparison between EtherCAT, SP], and CAN

Each of the above-discussed communication protocols offers several advantages, which makes
them popular for various applications. To compare and select the right protocol for a specific

application, as in the case of this project of a modular power converter, a comparison study

of various features of these three protocols is required. This comparison is shown below in

Table.3.1.
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NS(; Parameter EtherCAT SPI CAN
1. Data rate Up to 100 Mbps on delays and i
to 5 Mbps using
number of nodes : .
special versions
' Up to 100m D§S|gned for short 40m for 1 Mbps
2. Distance between each distances but can
500m for 125kbps
node be extended
Transfer
3. Mode Full Duplex Full Duplex Half Duplex
Requires specific
knowledge about Requires custom Standardized or
4, Implementation the data model application- proprietary
to implement on level protocol application layer
a system
In-built using
5 Synchronization | distributed clocks Requires external Requires external
) capability for very high implementation implementation
accuracy
Complex system Easy to use
6 Complexit with external but requires Easy to integrate
) P y hardware and application layer and understand
integration tasks design
High cost due
7. Overall Cost to very specific Very low cost Low cost
hardware
requirement
Scalable o a Up to 127 nodes in
Scalable up to large number of
. : Ny ; : CANopen, depends
8. Modularity virtually unlimited devices in theory )
. . on controller’s
devices on the bus but limited by - .
driving capability
delays
In-built in many
Requires additional In-built in most mmrogontroller but
i requires a CAN
9. Hardware ASICs along with commonly used .
. . transceiver IC to
microcontrollers microcontrollers
generate the
differential signals

Table 3.1: Comparison - EtherCAT vs. SPI vs. CAN

3.4. Synchronisation Techniques

As discussed in the above sections, synchronization between all the controllers in a distributed
system is important to ensure the proper working of the converter. In such systems, multi-
ple slave controllers operate in parallel, and their operation needs to be coordinated with the
system-level central controller. This section delves into the significance, challenges, and so-
lutions of such synchronization techniques that can be used in modular power converters.
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By ensuring a synchronized operation, the computation power can be equally shared among
all the controllers, which utilizes the potential of all the modules in the system. The commu-
nication protocol used for the system plays an important role in this process. As explained
in the above section, a few communication protocols, such as EtherCAT, have the feature
to enable hardware based-synchronization [24, 28] between all the nodes on the bus. This
makes EtherCAT very useful and preferred in high-power distributed systems. However, the
other protocols do not have this feature, and an external process has to be implemented to
synchronize the controllers.

An effective synchronization among all the controllers in the system offers several advantages,
such as minimized voltage and current ripple, improved output power quality, and immediate
detection of faults in the system. However, there are many challenges associated with achiev-
ing accurate synchronization among all the controllers in large systems, including:

* Propagation delays: Depending on the physical distance between the bus nodes, there
is a propagation delay introduced by the medium, such as wires, and also by the para-
sitic elements of devices like any converters in the path.

« Communication delays: The bandwidth of a communication protocol is always limited
and hence introduces delays in communication. If synchronization is developed using a
specific message on the communication line, the delay introduced affects the stability of
the system.

* Processing time delays: The controller’s software introduces a processing time delay
which is the time between a pulse physically at the input of the controller and the time
before it is detected in the software.

Several synchronization techniques have been proposed and implemented for large distributed
systems. Depending on the available hardware and other system parameters, an appropriate
technique has to be designed for every application. The most common synchronization tech-
niques include:

1. Time-based Synchronization - Uses time references such as clock signals to synchro-
nize the operation of the converter nodes.

2. Event-based Synchronization - Relies on the occurrence of particular events in the
system to coordinate the system nodes.

3. Consensus-Based Synchronization - Uses algorithms to achieve a consensus about
the operating states of the controllers in the system.

From these discussions, it can be seen that implementing the proper synchronization tech-
niques in distributed control systems is significant for achieving coordinated operation of the
entire system. Several constraints, including the communication capability and system layout,
make designing these techniques more difficult to implement. By carefully considering all the
factors in the design, a robust synchronization technique can be developed that is reliable and
efficient for any variations in the system.



36 Chapter 3. System Controller Architecture

Consensus-
Based
. Phase-Locked | Zero-crossing | Distributed
loop detection averaging
Delay
compensation || Pulse Leader-follower
using predictive synchronization control
algorithms

Figure 3.9: Synchronization techniques with examples

3.5. Developed Controller Architecture for SST

Considering all the factors discussed in this chapter, a careful design process is employed
to develop the controller architecture for the converter system. Scalability, modularity, and
overall efficiency were the most important aspects required in the hardware. The following
decisions based on research of modular power converter systems were made:

1. Type of Architecture - Distributed controller architecture was required to keep the sys-
tem’s modularity and distribute the computational load to all the controllers. Due to a
large number of nodes in the system, central controller architecture is not feasible to
implement and requires a costly and powerful controller to handle all the control tasks.
Also, it hinders the scalability aspect of the system by limiting the hardware, as discussed
earlier in the chapter.

2. Communication Protocol - As a distributed system was decided to be implemented, a
robust communication protocol with high data rates needs to be implemented. For this
process, an initial estimate of data size between the controllers was made with 18 slave
controllers (6 per phase) on each primary and secondary bus with one master system
controller.

This estimation shows that the CAN communication protocol cannot be designed for this
system due to its limited data rate. However, both EtherCAT and daisy-chain SPI can
provide this data rate and can be compared. The cost and implementation complexity of
EtherCAT makes the design process for a prototype system difficult. However, it offers
better features in terms of synchronization and flexibility for a converter like a Solid-State
Transformer.
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For the prototype design, it was therefore decided to implement a daisy-chain SPI system
with digital isolators between the nodes. The microcontrollers selected for the hardware
have in-built SPI capability, making implementation easier.

S.No. Parameter Primary Side Secondary side
1. Power Setpoint 18*32 = 576 bits 18*32 = 576 bits
2, DC Microgrid - Voltage | 18*32 = 576 bits -

3. AC Grid - Voltage (d,q) - 18*32*2 = 1152 bits
4. AC grid - Current (d,q) - 18*32*2 = 1152 bits
5. Fault and Status Bits | 1810 = 180 bits 18*10 = 180 bits
Total bits 1332 bits 3060 bits
Control Frequency 2 kHz
Required Bandwidth 2.66 Mbps | 6.12 Mbps

Table 3.2: An initial estimate of data size

3. Synchronization Technique - An external synchronization technique must be designed
for a daisy-chained SPI distributed converter. To eliminate the delays caused by the com-
munication protocol, an event-based synchronization between the controllers needs to
be designed using an additional line connecting all the controllers.

To implement this system, a timer pin on the system controller is connected through
isolators to all the slave controllers in the system. The hardware propagation delays can
be physically measured during the hardware implementation phase and set up in all the
microcontrollers. A synchronization pulse is periodically sent from the master controller
to all the slave nodes during the continuous operation of the converter, which can be
used to reset the internal reference timers of all the slave nodes.

The complete design of the distributed control system using daisy-chained SPI is shown in
Fig.3.10. The system uses a system controller referenced on the secondary side (AC grid),
and digital isolators, each of 2.5kV, are provided between the secondary slave controllers. A
20KV optical isolator is provided on the primary side, and all the slave controllers are connected
in a similar daisy-chain configuration. The configuration uses four SPI buses from the master
controller for communication. The figure shows the communication design for a single phase.
For a three-phase system, the topmost slave controller D,,; is connected to the master. This
results in three daisy-chain SPI buses on the secondary side, each with six slave controllers
and one on the primary side with a single master controller for the complete three-phase solid-
state transformer system.

3.6. Summary

This chapter investigated the complete aspect of controller architecture required in a modular
high-power converter system. Several designs and considerations are introduced and com-
pared to understand the significance of controller architectures. The chapter discussed the
need for controller design in modular systems. The two popular types of systems are central-
ized and distributed. It then demonstrated the advantages and disadvantages of both these
designs.
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The chapter then delves into the importance of communication protocols. Three popular pro-
tocols are discussed along with their working principles and finally compared on several pa-
rameters to understand their applications. Then, a vital aspect of distributed systems, the
synchronization between the controllers, is introduced. The factors that affect the synchro-
nization and potential solutions are discussed. Using all this information, a complete model of
controller architecture is designed for the solid-state transformer.






Design and Control of the Inverter
Stage

This chapter focuses on the design of the inverter topology, the modulation techniques used
in simulations, and the feedback control loop for the operation of the multilevel cascaded H-
bridge inverter. To begin with, a cascaded structure consisting of six cells of h-bridge convert-
ers(calculated using equation 4.1) is used to connect with a 10kV AC grid. This generates
13 voltage levels at the output AC voltage waveform. Each cell is connected to a separate,
isolated DC/DC stage with DC microgrid as the source, as shown in Fig.4.1.
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>
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Figure 4.1: Inverter Connection
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Several models are simulated to test the converter’s working in grid-connected mode. To con-
nect to a medium-voltage AC grid, the converter must comply with the grid synchronization
requirements while maintaining a sufficient safety margin. To adhere to these safety margins
an adaptive modulation technique is implemented in the controller design. An output filter is de-
signed at the output of the inverter to maintain the total harmonic content of the inverter below
the specifications mentioned by the grid standards. This design process also calculates the
common-mode voltage generated by the converter and tries to minimize it using modulation
schemes and strategies to attenuate common-mode current injection into the grid.

4.1. Controller Design

This section explains the control requirement of a grid-connected three-phase inverter. With
the help of defined switching states for power semiconductors, an inverter modulates DC input
into a sinusoidal AC output. To fulfill the grid synchronization requirements, the sinusoidal AC
output needs to be measured for three-phase voltages, their operating frequencies, and phase
difference with respect to each phase. The measured parameters can then be used to gen-
erate a reference signal for the controller, which in turn helps to define the above-mentioned
switching states for the individual inverter leg.

4.1.1. Reference Frames

A three-phase voltage measurement is required to measure the grid voltages. This results in
a sinusoidal waveform and cannot be directly used as input to a voltage/current Pl controller.
This is due to the non-zero steady-state error in the controller caused by the continuously
changing sine waves.

Instead, the sinusoidal values are converted into a synchronous reference frame known as the
dq reference frame. This conversion process is performed in two steps. The first step is Clark
Transformation, which changes the sinusoidal quantities into a fixed reference frame, known
as the a — g frame. The second step is Park Transform, which translates the generated o — 3
quantities into a synchronous dq frame.

In the dq frame, sinusoidal quantities can be expressed as DC quantities as the frame rotates
at the same frequency as that of the quantities it measures. This simplifies the controller
design with simple DC quantities, as the error is now constant in the Pl controller.

4.1.2. Phase Locked Loop (PLL)

Other important parameters the controller requires are the grid’s frequency and phase. These
parameters can be measured using a PLL. A PLL consists of a phase detector and a voltage-
controlled oscillator to track the phase of any signal. It can also generate the frequency of the
signal using the phase information. The phase measurement is required to convert the o — 3
quantities into synchronous dq quantities. The discussion on the types of PLL and their merits
and demerits is beyond the scope of this thesis.

4.1.3. PI Controller
A grid-tied inverter requires a current controller to determine and control the power flow into
the grid. A reference value for current can be generated using the desired power flow into or
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from the AC grid and the calculated and transformed voltage of the grid. This current refer-
ence is used to calculate the error at the input of a Pl controller, along with the value from the
inverter current measurement.

The PI block provides an output proportional to the integrated error, and this output is added
with a feedforward signal to generate the final control output signal. This output is used as
reference dq voltages and as input to the modulator. At the input of the modulator, these values
are transformed back to sinusoidal values in the case of sinusoidal PWM or o — 3 values in the
case of space vector PWM. The complete control block is shown in Fig.4.2. Here, the g-axis
current is set to zero to implement active power control and set the reactive power to zero.

! / V abc —» abc /—»Vd
, : .
—> V_sbc —> |PLL (3ph)j—> Phase (wi) | | Phase Wt)—> /4 —»Vq
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{ Ref. power/Vd _)Id_ref *
S DQ Current Controller—> Vd
. PI —> Vq*
Iq_ref T T
Id Iq

Figure 4.2: Control Block

41.4. Start-up procedure

During a regular start-up sequence, power flow cannot be initiated immediately. It is observed
that the PLL requires a considerable time to settle with its phase output. Therefore, a contactor
remains open at the output of the inverter during this period of time. Then, the contactor is
closed, and the power flow can be initiated. This process can be seen in Fig.4.3 below.

O\

* Voltage ¢ Desired current
measurement reference to

e PLLinitialised to * PLL output settled SIS
measure phase * Power set to zero, * Corresponding

. voltage to modulator
angle reactive power

LR Power flow
—

Figure 4.3: Start-up Sequence
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In the start-up sequence shown above, the contactor is closed at ¢t = 0.1sec, but the power
reference is maintained at zero. A small amount of current flows into the capacitor at the output
of the inverter in this state. At ¢ = 0.14sec, the power reference is set to the desired value and
an appropriate amount of current starts flowing into the grid.

4.2. Design of Output Filter

As discussed in Chapter 2, an output filter is required to reduce the harmonic content in the grid
and attenuate the switching harmonics to increase the power quality. This section explains the
design process and performance of the designed filter for the 13-level inverter.
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Figure 4.4: Difference between 3-level and 13-level waveform

A multilevel converter inherently reduces the size of the output filter as it follows the reference
values with minimal error. This difference is highlighted in Fig.4.4. An iterative design proce-
dure 4.5 is followed to size the output filter. An LCL filter is selected for this application due
to its superior performance and higher attenuation capability [23, 34]. To determine the initial
values of the filter, the procedure from [35, 36] is followed.

The converter side inductance is determined by calculating the current ripple in the output
waveform and calculating the minimum inductance to limit the ripple to 20% at a modulation
index of 0.5, where the ripple is maximum. This inductance can be given by:

o Vie
4% fow ¥ Aip—p,mcw

B (4.2)
where,

L. = Converter side inductance,

V4. = DC side voltage,
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fsw = Switching frequency,

Atp_pmae = Maximum peak-peak current ripple
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Figure 4.5: LCL filter iterative design process

For a multilevel converter, the DC side voltage used in this equation is of a single cell instead of
the complete DC voltage [37, 38]. In the case of the 13-level inverter, the inductor size reduces
by a factor of 6 due to this change in calculation. The capacitor is designed to maintain the
reactive power of the inverter, typically less than 5%. The grid side inductance is then chosen
to maintain the LCL resonance to at least ten times the grid frequency and lesser than f,,/2.

421 THD

The initial values calculated from the above process are used for initial simulations with a
switching frequency of f,, = 10 kHz. As the inverter is simulated in grid-connected mode, the
voltage waveforms show negligible harmonic content as an ideal grid is connected at the out-
put, which has 0% THD. Therefore, only the harmonic content in the output current waveforms
is of interest.

Increasing the switching frequency increases the THD due to the dead time phenomenon
explained earlier in Chapter 2. Therefore, to reduce the overall THD to <5%, the LCL filter
values are changed to a minimum size. The values iterated in the simulation models (using
PS-PWM, explained further in the next section) are shown in Table 4.1.



46 Chapter 4. Design and Control of the Inverter Stage
o
Iterations LCL Values LCL Resonance THD% in
Frequency Current Waveform
. . L.=1.4mH; C = 185nF; o
Initial Calculation L, =0.7mH 17.1 kHz ~0%

. L.=0.5mH; C = 185nF; o
Iteration 1 L, = 0.25mH 28.6 kHz 0.5%
Iteration 2 Le=0.2mH; ¢ = 185nF; 45.3 kHz 3.4%

L,=0.1mH

. L.=0.1mH; C = 185nF; o

Iteration 3 L, = 0.05mH 64.1 kHz 15.8%

Table 4.1: LCL filter size

4.2.2. Common Mode Current

During the filter design process, another important aspect of the inverter to be considered is the
common mode current flowing into the grid. A good hardware design with effective modulation
techniques limits the magnitude of common-mode voltage and the current. However, this must
be designed in the simulations, and certain modifications must be made in the design process.
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Figure 4.6: Parasitic Capacitance for common-mode current

To simulate this parameter, a small parasitic capacitance between the converter ground and
neutral of the AC grid is placed as shown in Fig.4.6. X and Y capacitors rated for voltages
of 10 kV are placed at the output to provide a path for common-mode current to return to the
source and not flow through to the AC grid. These capacitors provide a lower impedance to
the common-mode current, thus, helping reduce the amount of common-mode current in the
grid. This can be seen in Fig.4.7.
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Figure 4.7: Common-mode current distribution

4.3. Modulation techniques

As discussed in Chapter 2, modulation strategies are a key aspect of a power electronic in-
verter design. The right modulation technique reduces the overall THD content generated
from a power converter by optimizing the switching sequence. However, simple modulation
techniques do not apply to multilevel inverters. Several modifications are required, making
most methods too complex for implementation. The same problem applies to the space vec-
tor modulation scheme’s application in multilevel inverters.

4.3.1. Modular Space Vector Modulation Algorithm

It can be seen from the comparison of SPWM and SVPWM techniques in Table2.4 that SVPWM
results in a much superior performance for power electronic converters. This requires us to
understand the problems of implementing SVPWM for multilevel inverters. Several papers [39,
40, 41, 42, 43] implement SVPWM for higher-level inverters with specific algorithms to reduce
the computational power requirement. As mentioned earlier, the number of switching states
of a 'n’ level multilevel converter equals 'n?’ with increasing redundant switching states as the
levels increase. This problem makes SVPWM a less popular choice in higher-level converters.

To overcome this issue in a 13-level inverter, a modular algorithm is required to decompose the
hexagon into smaller sections with minimum decomposition steps. A similar decomposition
can be applied for any level inverters, making this algorithm scalable to different applications.
Fig.4.8 shows the decomposition pattern followed in the developed algorithm.
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Figure 4.8: 13-level Decomposed Space Vector Diagram

The algorithm starts with an initial reference vector from the control block and calculates the
vector’s angle. At this stage, the algorithm determines the 7-level hexagon of interest and elim-
inates all other hexagons. By this step, the algorithm reduces the number of switching states
and, thus, the computation steps by a factor of six. A new position for the reference vector
is now calculated from the selected 7-level hexagon’s center position. The same process is
repeated to decompose into a 4-level hexagon and again for a 2-level hexagon. At this stage,
a simple 2-level SVPWM process can be employed to determine the required switching states.
The entire algorithm is shown in Fig.4.9 below and in Appendix A.

A MATLAB model was developed to realize this algorithm with a 13-level inverter and mea-
sure the THD content in the output voltage waveform. Several different values for switching
frequency and LCL filter were iterated on the model to achieve optimal THD values. The fol-
lowing figure shows the THD content in the output current waveform of the model using a
symmetrical switching sequence and the following input parameters:

Model Parameters: f,, = 40kHz; L. = 0.8mH;C = 185nF'; Ly = 0.4mH,;
Switching states in a sector: S;-0; S, -1; S, -2; S - 3;

Switching Sequence: 3-2-1-0-1-2-3
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Figure 4.9: Reduced-level hexagon tracking for 13-level SVPWM technique

On observing the switching patterns realized in the model, there was a problem with how the al-
gorithm finalizes a particular state from the multiple redundant switching states. This caused
undesired switching transitions in the pattern during a change in the base 2-level hexagon,
which reduced the overall efficiency of the modulation technique. To overcome this issue, a
look-up table with an optimized switching sequence for every sector in the 13-level hexagon
is necessary, as mentioned in [17]. In this report, the author mentions using a look-up table
to store the optimized switching sequence for every sector. However, this process must be
accomplished using an additional algorithm implementation and the developed design to main-
tain modularity.

The developed base algorithm proved to reduce the computation steps required to utilize the
space vector PWM modulation technique for multilevel converters. Space Vector PWM can be
modified and customized for specific applications, which could help reduce the common-mode
voltage and lower power device switching losses. This is important to solve the false-tripping
of Residual Current Devices (RCD) devices. However, this technique was limited to only 2, 3,
and 5-level inverters due to the increasing complexity of SVPWM beyond these levels. These
modifications can now be applied to higher-level inverters using this base algorithm, achieving
all the advantages of SVPWM.

For this thesis, the overall THD content and LCL filter size are important aspects of the con-
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verter design. The SVPWM algorithm requires further implementation and modifications to
achieve the required performance. However, due to the project’s objectives, it was decided to
design and simulate other modulation schemes and select the most applicable technique for
this application.
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Figure 4.10: THD value in the developed SVPWM technique-based model

4.3.2. Sinusoidal Modulation Techniques

Sinusoidal PWM is the most popular modulation technique in the case of multilevel inverters.
Their relatively easier implementation and good performance make them the ideal choice.
Generally, multilevel converters inherently have the advantage of reducing the THD content
[11], which allows the use of SPWM techniques over SVPWM strategy and still achieves a
good performance in terms of overall output quality [44]. Two types of SPWM techniques are
explained in Chapter 2, namely Phase-Shifted PWM and Level-Shifted PWM.

Phase-Shifted SPWM In the case of PS-PWM, the power is evenly distributed among all the
cells. Another added advantage of this technique is that a switching frequency of 'z’ Hz in each
half-bridge results in a total switching frequency of 'n x 2’ at the output, where 'n’ is the total
number of carriers required for the multilevel converter. This helps in a huge reduction in the
size of the output filter, thus, helping the overall size and cost of the converter. The following
Fig. 4.11 shows the switching frequency component at the output of a 13-level inverter using
the PS-PWM technique.
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Figure 4.11: Cell Frequency vs. Output Frequency in a 13-level inverter using PS-PWM technique

Level-Shifted SPWM Both these SPWM techniques are implemented and simulated for a
13-level inverter. This allows for a straightforward comparison between the two methods re-

garding overall THD content, power distribution among cells, switching losses, etc. It had

been earlier discussed that the LS-PWM technique causes an uneven power distribution in
the cells and requires an external process to compensate for this issue [15]. To overcome this,
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a design with dynamic carrier distribution among the cells was developed in the model. This
process re-assigns the carriers to each half-bridge at regular intervals to achieve an equal
average power distribution every six sine cycles (120ms), as shown in Fig. 4.12.

Figure 4.12: Dynamic Carrier Distribution in LS-SPWM Method
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Comparison The overall THD content in the output current waveform using both these tech-
niques in a 13-level converter are summarised in Table 4.2 below:

o
Type of Switching LCL Resonance THD% in
a Y 9 y Waveform
L c=1.4mH; C = 185nF; .
10 kHz L g=0.7mH 17.1 kHz ~0%
PS-SPWM 10 kHz L ¢ =0.2mH; C = 185nF; 45.3 KHz -
L g=0.1mH
L c=4.1mH; C = 185nF; .
40 kHz L g=21mH 11.3 kHz ~1%
LS-SPWM 40 kHz L ¢ =0.8mH; C = 185nF; 9.6 kHz i
L g=0.4mH

Table 4.2: Comparison of PSPWM and LSPWM Techniques
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Conclusion It can be seen that PS-SPWM offers clear advantages over LS-SPWM and
SVPWM in terms of reduced switching frequency, contributing to lower switching losses and
LCL sizes. This is clearly due to the increased frequency in the output waveform. SVPWM
performs similarly to LS-SPWM regarding the overall THD content ( 4.1%) with the same
switching frequency and LCL filter values. However, as mentioned before, SVPWM switching
can further be optimized to achieve better results. Based on these results, it was decided to
use PS-SPWM for this inverter design.

4.4, Summary

This chapter illustrates the complete inverter design process and results from various simula-
tions. It starts with the controller design for the inverter, which explains the developed current
control and start-up sequence in grid-connected mode. The reference frame transformations
and phase detectors are also introduced in this section. Then, the iterative design process
used for designing the output filter and design consideration for reducing the common-mode
current is explained.

The requirement of developing a modular space vector algorithm for multilevel inverters is es-
tablished. The complete designed algorithm is explained using a flowchart and decomposition
diagram and its performance on a 13-level inverter model. The shortcomings of the developed
algorithm in optimizing the switching states are presented, and potential applications are sug-
gested for the developed base algorithm. Sinusoidal PWM techniques for multilevel inverters
with power-balancing designs are introduced along with THD content and switching frequency
comparison. Finally, phase-shifted SPWM is selected for the design due to its clear advan-
tages over the other techniques.






Hardware and Testing Results

This chapter focuses on the built hardware prototype board and the design considerations
taken into account for the design process. It then delves into the testing process and the
achieved results. These results help validate the designed hardware and also verify the con-
verter simulations.
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Figure 5.1: Implemented Hardware Setup - Top View
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The prototype boards are designed and manufactured with all the required clearances for the
complete voltage of 1500V between a pair of cascaded inverter cells. The implemented hard-

ware board is shown in Fig.5.1.

5.1. Hardware Board Design

This section gives a clear and detailed explanation of the hardware components used in the
prototype board and their interconnections. This board includes two full-bridge power boards,
DC link capacitors, output connectors to the next cascaded inverter cells, an isolated commu-
nication bus, and the slave microcontroller with the required low-voltage circuitry. The input
to this board is an isolated transformer, which is first rectified using the first full bridge. Here,
sufficient DC link capacitance is provided and connected to another full bridge for inverter op-
eration. Fig.5.2 provides a detailed block diagram explaining all the important aspects of the
designed hardware.
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The full bridge circuitry is designed on aluminum PCBs for improved thermal performance.
Single-layer aluminum board with isolated gate drivers and 1700V-rated SiC MOSFETs are
designed. These are connected to the main board from the bottom using surface mount con-
nectors and LV connectors for signals. STM32G4 series microcontroller is used as a slave
controller on each secondary board. An additional board is designed with electrolytic capac-
itors as part of the DC link capacitance on top of the main board to reduce the main board’s
overall size, as seen in Fig.5.3.
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Figure 5.3: Implemented Hardware Setup - Side View

As explained in Chapter 3, digital isolators are used in each of the secondary boards for SPI
communication. A 4-channel digital isolator with an isolated power supply is included on the
main board to communicate with other cells in the cascaded network. Vertically mounted con-
nectors are used throughout the design, and a continuous ground shield on all layers of the
PCB is placed to reduce the field between a single connector/cable and the container of the
complete system.

5.2. Testing and Validation

Synchronization is an important aspect of any distributed converter system. Each inverter cell
works on a similar control loop and modulation technique. However, all the PWM signals and
the data from the master controller must be accurately synchronized to ensure smooth opera-
tion of the converter. Several kinds of delays and their consequences are already explained
in the previous chapters.

In theory, the developed synchronization technique helps mitigate this issue. A hardware
setup with two inverter cells in a cascaded structure is connected to experimentally verify the
synchronization technique, as shown in 5.4. A switching frequency of f,, = 10kHz and a
constant duty cycle of d = 0.5 is used on both the inverter full-bridges.

In all the waveforms below, Sync Signal 1 (blue) is the synchronization pulse at the output
of the master controller, and Sync Signal 2 (red) is the synchronization pulse at the input of
the slave controller after the isolator. Similarly, PWM Signal 1 (green) is the PWM signal from
the master controller, and PWM Signal 2 ( ) is the output PWM signal from the slave
controller.
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Figure 5.4: Synchronization Testing Setup

5.2.1. No synchronization

The boards are first tested without a synchronization pulse between the two slave controllers.

This test is performed to understand the degree of mismatch between the two PWM signals
and show the significance of accurate synchronization in power converters. It can be observed
from Fig.5.5 at four different time instants that a continuously changing error exists; hence, this
type of system cannot be used for power applications.
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Figure 5.5: PWM signals of two cells without synchronization
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5.2.2. Slow synchronization

A: Sync Signal 1 B: Sync Signal 2 C: PWM Signal 1 : PWM Signal 2

3333 50 5.0
v v N
a o - a

2667 4.0 4.0 4.0

20 30 3.0
1333 20 20 20
0667 1.0 1.0

0.0 0.0 0.0 0.0
0.667 -1.0 1.0 -1.0
1333 20 20 -20

20 -30 3.0 -30
2667 -4.0 40 -40
3333 5 0 -50

-50 -5.0
-0.1ms 0.0 0.1 0.2 0.3 04 0.5 0.6 07 08 0.9
A 4B HC =D

(a) Overall waveform with synchronization pulses every 5 periods

24.8ps 249 250 m m 253 254 255 256

(b) Difference in PWM signals between t = 0.1ms and t = 0.2ms (tA = 80.66ns)

N @
o o< o

3.0

-3.0
-4.0

|
|
|
|
|
|
20
|
|
|
|
|
|

50 5
3244ps 3246 ms 3250 3252 @5.4 3256 3258 326.0 3262

=C &D

(c) Difference in PWM signals between t = 0.5ms and t = 0.6ms (ta = 575.8ns)

Figure 5.6: PWM signals of two cells with slow synchronization
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Next, a timer is configured as a trigger output on one of the inverter boards. All the PWM
timers of that controller are reset using this trigger output internal to the microcontroller. On
the other controller, a timer is triggered using this external pulse from the first controller. This
pulse is configured as an external trigger, and all the timer pins are synchronized to this pulse.
This setup outputs a synchronization pulse every 5 switching periods for regular and consis-
tent synchronization between the controllers.

It can be seen in Fig.5.6 that this setup reduces the change in error by a large value. However,
a large delay still exists, continuously changing, making it difficult to compensate for the error.

5.2.3. Synchronization without compensations
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Figure 5.7: PWM signals of two cells with fast synchronization
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It can be observed from the previous synchronization test that the timers require a more fre-
qguent synchronization pulse to eliminate the changing error between successive PWM signals.
A synchronization pulse is generated every switching period from the first controller to test this
theory. The pulse width of this synchronization pulse is set to a minimum value to ensure it
reaches the high logic state. It must be determined during testing as it depends on the hard-
ware design and the capacitance of the trace. It can be seen in Fig.5.7 that this setup reduces
the changing error phenomenon observed in the previous tests. However, a large delay still
exists between the PWM signals due to the various delays in a hardware setup, including
propagation and processing delays.

5.2.4. Synchronization with delay compensation
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Figure 5.8: PWM signals of two cells with delay compensation
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As discussed in Chapter 3, these delays can be externally measured and compensated for
using software delays. However, these delays are highly dependent on the system’s physical
parameters, such as the length of cables connecting the inverter cells, etc. For the test setup,
an overall delay of ¢ = 65ns to the synchronization trigger pulse is optimal for reducing the
error between the PWM pulses.

It can be seen in Fig.5.8 that the included compensation technique reduces the error by a
further value than that observed in the previous tests.

5.2.5. Synchronization with delay and drift compensations
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Figure 5.9: PWM signals of two cells with delay and drift compensation
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Now, it was observed that the two controllers have an inherent difference in their timers. This
is due to the internal oscillators’ material properties and the difference in the parasitic values
of the components involved. This can be understood as a drift in the timer counter and can be
compensated by changing the total number of counts within a switching period. It can be seen
in Fig.5.9 that this type of compensation technique reduces the error by a minimum value by
eliminating all the delays and errors in the system.

5.2.6. Synchronization test with DC Bus Voltage

The above tests were conducted with an open DC bus setup to ensure safety while imple-
menting the synchronization design. An accurate and reliable synchronization between the
controllers is achieved, and a DC supply is connected at the input of the inverter board.
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Figure 5.10: PWM signals of two cells with synchronization
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Using a similar testing setup with two inverter boards, one configured as master and the other
as slave controller, the DC bus voltage is increased in steps of 50V. It was observed that
a large noise was injected into the synchronization signal, which reset the slave controller’s
timer at undesired instants at DC input voltages above 100V. It was discovered that the cable
carrying the synchronization signal was not shielded to the ground. A shielded RJ-45 cable
between the controllers ensures no noise from the switching nodes into the synchronization
signal.

The waveforms above show the synchronization between the two inverter cells at a DC bus
voltage of 500V. A conformal coating is required on top of the PCBs to test at higher voltages
to ensure sufficient clearance between the high-voltage tracks. However, the tests conducted
with a 500V DC input prove the reliability of the synchronization method.

5.2.7. Findings

The conducted synchronization tests on the developed hardware prototype boards can be
easily scaled to a higher number of cascaded cells. A minimum jitter of around 15ns to 20ns
is observed on the test setup, a promising output for distributed controller systems in power
applications. This value is further reduced as the switching frequency increases in the system
as the number of steps for the counter is reduced, resulting in smaller errors.

The industry alternative, EtherCAT, promises a maximum jitter of <1us, making the developed
synchronization technique a far cheaper and more accessible system to achieve high per-
formance. This system suffers from the disadvantage of the requirement of regular manual
software compensation changes as compared to EtherCAT’s hardware-based synchronized
clock system, as discussed in Chapter 3. The errors in all five synchronization tests are sum-
marised below in Table5.1.

S.No. | Sychronization Technique | Error between PWM signals
1. No synchronization pulses Variable (switching period)
2. Slow Synchronization Variable (80ns - 575ns)

3. Fast Synchronization ~50ns
4 Synchronization VYIth delay 30ns
compensation
5. Synchrgnlzatlon W|th.delay 15ns
& drift compensation

Table 5.1: Comparison of Synchronization Techniques

5.3. Summary

This chapter focuses on explaining the developed hardware boards for inverter cells with a
large focus on communication line design. The use of different PCBs as power modules and
control boards is explained and justified. Next, the developed test setup and the importance
of synchronization testing are presented.

Several synchronization techniques are implemented to reduce the error to a minimum value.
The different compensations are explained and compared to achieve the final result. This
result is compared to the industry-equivalent technology, EtherCAT, a costly system. However,
it has several advantages, as explained in Table 3.1 compared to the developed software
technique.



Conclusion and Future Developments

In this thesis, the design and analysis of the inverter stage and controller architecture for a
modular solid-state transformer have been investigated thoroughly. The main objective of this
project was to design and develop a suitable inverter stage for DC/AC power conversion, re-
view and implement different possible modulation techniques, and design a suitable controller
architecture for a modular SST. This work aims to enhance the overall integration of renew-
able energy sources into the grid by improving the flexibility and modularity of SSTs.

Valuable insights and significant findings in this field have been achieved through comprehen-
sive research, simulations, and prototype development. The research on the power conver-
sion stage focused on the overall distortion in the output, filter sizing, and switching frequency.
Several simulations were performed to determine the performance of this system.

Chapter 1 introduces the need for research in the field of SSTs. It provides an overview of
the thesis background and outlines the design methodology of the project. The importance of
efficient power flow between DC microgrids and the AC grid is highlighted.

Chapter 2 reviews existing multilevel converter topologies and suitable modulation strate-
gies. MMC, H-NPC, and CHB topologies are compared using several parameters to find
the most suitable topology for SST inverter applications. Cascaded H-Bridge is the most suit-
able topology based on several factors, such as cost, complexity, and modularity. Types of
sinusoidal PWMs and space vector PWM concepts are introduced concerning multilevel in-
verters. Based on the application, space vector PWM is the most optimal strategy for THD
content and common-mode voltage optimization but needs further implementation to suit mul-
tilevel converters. PS-SPWM is an efficient alternative in applications prioritizing switching
frequency and filter sizing.

Chapter 3 investigates the need for controller architecture design. A modular and efficient
system is designed primarily focusing on parameters such as synchronization jitter, communi-
cation bus, and scalability. Several communication protocols are reviewed, and their features
are compared to design a complete model of controller architecture for the solid-state trans-
former. SPI and EtherCAT emerge as the most applicable protocols, but SPI with daisy-chain
topology is used concerning the added cost and complexity for EtherCAT controllers. An ef-
fective synchronization technique is developed using the trigger function of microcontrollers,
which is tested in further chapters.

65



66 Chapter 6. Conclusion and Future Developments

Chapter 4 illustrates the followed inverter design and simulation results. The output filter and
inverter control designs are explained. The implemented space vector algorithm for thirteen-
level inverters is explained, and THD results from the simulation model are compared with
those from SPWM models. It was observed that the developed SVPWM technique, Reduced-
level hexagon tracking for 13-level converter resulted in an overall THD content of 4.1%, similar
to that of LS-SPWM with similar input parameters. The implemented multilevel space vector
algorithm can be further optimized for applications requiring a common mode voltage reduc-
tion. Space vector modulation helps achieve this by utilizing the available switching states.
However, the maximum modulation index is limited in these kinds of applications.

In this application, the modulation index cannot be limited below m = 1.54 to ensure 10kV
AC grid compatibility. PS-SPWM showed superior performance due to an increased output
frequency, resulting in 3.4% with a much lower filter at the output, making it the efficient tech-
nique for this application.

Chapter 5 focuses on the hardware design and considerations taken into account for the
hardware prototype. The proposed controller design is primarily tested for synchronization. It
demonstrated exceptional performance with a synchronization jitter of less than 20ns under
bench testing. This opens a huge scope for overall controller development for modular SST
systems.

The following research questions were answered during this thesis project:

1. Which topology is best suited for a medium voltage DC/AC converter in a solid-
state transformer (SST)?

Several converter topologies are investigated for DC/AC converter applications. The
most popular multilevel converter topologies are compared based on modularity, effi-
ciency, complexity, cost, and voltage capability. It was concluded that CHBs are simpler
and easier to implement among these selected topologies.

2. What are the different modulation techniques for multi-level grid-connected power
converters and how to implement them?

Modulation strategies play an important role in maximizing the potential of multilevel con-
verters. Several strategies exist for multilevel converters that allow for reducing the har-
monic content in the output waveforms. Sinusoidal and space vector PWM techniques
are compared for this specific application. An innovative space vector algorithm is im-
plemented for application in multilevel converters. The phase-shifted SPWM technique
proved to be the most suitable modulation technique that helps reduce the harmonic
content and output filter size.

3. What is a suitable control architecture for a modular solid-state transformer (SST),
and how to design it?

Modern power converters include a large number of modules connected. The devel-
opment of the controller architecture is a key aspect of modular SSTs. A flexible and
efficient distributed controller architecture design is required to ensure a reliable and
synchronous operation. To ensure this operation, a modular and distributed controller
architecture is designed and implemented with an SPIl-based communication bus and
custom synchronization technique to help overcome various delays in the system. These
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control aspects were integrated into the system to enable high output voltage quality,
seamless data transfer between cells, and fault detection.

6.1. Implications and Future Directions

The successful design and implementation of the inverter stage prototype and controller ar-
chitecture testing results ensure the significant advancement of power distribution systems.
The modular SST system designed as part of this thesis presents a promising avenue for fu-
ture energy grids, offering improved flexibility, scalability, and integration of renewable energy
sources. The review work on inverter topology and modulation techniques, including the de-
veloped space vector algorithm for higher-level inverters, opens up a strong avenue for further
research and development in the field of DC/AC power conversion stages.

The controller architecture established in this study can serve as a foundation for modular
power systems of the future. Several algorithms and improved synchronization techniques
can be researched and implemented using a similar design process. As technology evolves,
several avenues exist for future research and refinement. Using this thesis as a reference,
some of these developments can include:

1. Modular Space Vector Algorithm - The space vector algorithm developed in this the-
sis can be further developed and modified to achieve optimal switching patterns and
reduced common mode voltages in lower modulation index applications. This requires
a modification of the algorithm and an understanding of the exact switching sequences
in every sector. Furthermore, the algorithm is specifically developed for thirteen-level
inverters. To make this aspect of the system completely modular, it can be modified to
apply to any number of levels.

2. Thermal Design - A detailed thermal analysis would help achieve optimal design of
the inverter stage. A detailed comparison between aluminum PCBs and the commonly
used FR-4 PCBs regarding thermal and electrical performance can be performed. This
work can also help understand the maximum capability of the chosen power electronic
switches for the SST.

3. Controller Architecture - The designed controller architecture and synchronization
techniques demonstrate a good performance but can be further developed to suit various
applications. Firstly, further research can be conducted to reduce the dependence on
software-based synchronization, which is manual and not completely reliable. Hardware-
based techniques, such as the one used in EtherCAT or the possibility of PLL-based
clock synchronization, can be investigated. Also, more testing for fault and the con-
verter’s various operating conditions can be performed, providing insights into develop-
ing a better control system.

In conclusion, the design and implementation issues of the inverter stage and controller archi-
tecture for a modular solid-state transformer were addressed successfully in this master thesis.
The proposed solutions have demonstrated remarkable performance through a comprehen-
sive approach followed in this thesis, including theoretical analysis, simulation studies, and
experimental validation, contributing to improving power distribution systems. The research
findings from this project will serve as a stepping stone for future solutions in optimizing the
issues associated with integrating renewable energy sources into the grid. This ultimately
results in a clean and efficient power system for the world.
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41
42

Space Vector Algorithm

Vg_11_rms = 10000;

% Vg_1l1l_rms = 11870;

Vg_rms = Vg_1l1_rms/sqrt(3);

Vg_peak = Vg_rms*sqrt(2);

fac = 50;

Vdc = 1400;

fs = 10000;

Ron = 0.16;

Rd = 10;

Rc = 1le-3;

Rg = 1le-3;

Lg = L2;

Don = 0.01;

% P_ref = 100000;

R1 = 1000;

L1 = 0;

h L1 = le-4;

tol = 1e-10;

vd = Vdc; %Input voltage to each H-bridge

va_no = [6 5 43210 -1 -2 -3 -4 -5 -6]; % Switching states of each phase of the
CHB

vb_no = [6 543210 -1 -2 -3 -4 -5 -6];

vc_no = [6 543210 -1-2-3 -4 -5 -6];

va = va_no*vd; %Phase Voltage of each leg of CHB

vb = vb_nox*vd;

vc = vc_nox*xvd;

for p = 1:13 Y%Generate all switching combinations in 3-dimensional array

for q = 1:13
for r = 1:13
van(p,q,r) = va(p); %converter side phase voltage
vbn(p,q,r) = vb(q);
ven(p,q,r) = vc(r);
end
end

end
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74 Appendix A. Space Vector Algorithm

van_sw = reshape(van, 2197, 1); %3-dimensional to column vector

vbn_sw = reshape(vbn, 2197, 1);

ven_sw = reshape(ven, 2197, 1);

v_abc_swl = [van_sw vbn_sw vcn_sw]; %3 column vectors defining all states

vr_sw = (2/3)*(van + (vbn*exp(2*1j*pi/3)) + (vcn*xexp(4*1j*pi/3))); %Clark tranform
to generate switching positions in alpha-beta

vr_sw = round(reshape(vr_sw, 2197, 1), 2); ’%3-dimensional to column vector
vr_sw_pol = round([abs(vr_sw) angle(vr_sw)], 4); Jrectangular to polar form
v_abc_sw2 = round([v_abc_swl vr_sw vr_sw_pol vr_sw_pol(:,2)/pi vr_sw_pol(:,2)=*180/

pil, 2); % Adding more columns with angle in degrees

v_sw_angles = v_abc_sw2(:, 8); %Extracting angles in degrees

hex7cen_all = v_abc_sw2(abs(v_abc_sw2(:,5)-(2*x6*xvd/3)) < tol, :); %Finding the
centre of each 7 level hexagon by comparing all magnitudes in each hexagon with
6000 (mid-point)

hex71cen = hex7cen_all(abs(hex7cen_all(:,8)-0) < tol, :); %Restricting it to O
degrees to eliminate the centres on the edges

hex72cen = hex7cen_all (abs(hex7cen_all(:,8)-60) < tol, :);

hex73cen = hex7cen_all (abs(hex7cen_all(:,8)-120) < tol, :);

hex74cen = hex7cen_all (abs(hex7cen_all(:,8)-180) < tol, :);

hex75cen = hex7cen_all (abs(hex7cen_all(:,8)+120) < tol, :)

hex76cen = hex7cen_all (abs(hex7cen_all(:,8)+60) < tol, :);

hex7cen = [hex7lcen;hex72cen;hex73cen;hex74cen;hex75cen;hex76cen]; %Combining the
above centres into a single matrix

[h7, ihex7] = unique(hex7cen(:, 8), 'stable'); %Finding single positions of
centres using angle uniqueness

hex7centres = round(hex7cen(ihex7,:),2);

hex13centre(1:6, :) = 0+0j;

hex13centre = complex(hexl3centre); %Mid-point of 13 level diagram
transforml1(:, 1) = v_abc_sw2(:, 4) - hex7centres(1,4); %Finding new vectors from
mid-point of 7 level hexagon - 1

dist_71 = abs(transformil(:,1)); %Finding the magnitude of the new vectors
dist_71 = round(dist_71, 2);

hex4lcen = v_abc_sw2(dist_71(:,1) == (2*%3%vd/3), :); %Finding vectors which are
3000 magnitude away from centre of 7 level hexagon - 1
[h4, ihex4] = unique(hex4lcen(:, 4), 'stable');%Finding single positions of
centres using vector uniqueness
hex4centres = hex4lcen(ihex4,[1:4]);
hex4centres = hex4centres(:,4) - (2%6xvd/3); % Finding the general 4 level hexagon
centres that can be added to any 7 level hexagon

hex4centres([1 6]) = hex4centres([6 1]); %Rearranging to go from 1 to 6 in anti-
clockwise direction

hex4centres([2 5]) = hexd4centres([5 2]);

hex4centres([4 6]) = hex4centres([6 4]);

hh

hex2incen = round(v_abc_sw2(round(abs ((2*9*vd/3)+0i - v_abc_sw2(:, 4)), 2) ==
round (2*xvd/3, 2), [1:4]), 2); JFinding vectors which are 1000 magnitude away
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from centre of 4 level hexagon - 1
[h2i, ihex2i] = unique(hex2incen(:, 4), 'stable');
hex2incentres = hex2incen(ihex2i,:);
hex2incentres = round(hex2incentres(:,4) - ((2x9*vd/3)+0i), 2); ’% Finding the

general 2 level inner hexagon centres that can be added to any 4 level hexagon
hex2incentres ([1 6]) = hex2incentres([6 1]);
hex2incentres ([2 5]) hex2incentres ([5 2]);
hex2incentres ([4 6]) hex2incentres ([6 4]);

hex2outacen = round(v_abc_sw2(round(abs ((2*x9*xvd/3)+0i - v_abc_sw2(:, 4)), 1) ==
round (2*%2*vd/3, 1), [1:8]), 2); %Finding vectors set a which are 2000 magnitude
away from centre of 4 level hexagon - 1
[h20a, ihex2o0a] = unique(hex2outacen(:, 4), 'stable');%Finding single positions of
centres using vector uniqueness
hex2outacentres = hex2outacen(ihex2o0a,:) ;
hex2outacentres = round(hex2outacentres(:,4) - ((2x9%vd/3)+0i), 2); % Finding the

general 2 level inner hexagon centres that can be added to any 4 level hexagon

hex2outbcen = round(v_abc_sw2(round(abs ((2*x9*vd/3)+0i - v_abc_sw2(:, 4)), 1) ==
round (1.732050808*2*2*vd/(3%2), 1), [1:4]), 2); %Finding vectors set b which
are 2000 magnitude away from centre of 4 level hexagon - 1

[h20b, ihex20b] = unique(hex2outbcen(:, 4), 'stable');%Finding single positions of

centres using vector uniqueness

hex2outbcentres = hex2outbcen(ihex20b,:) ;

hex2outbcentres = round(hex2outbcentres(:,4) - ((2x9%vd/3)+0i), 2); % Finding the
general 2 level inner hexagon centres that can be added to any 4 level hexagon

hex2outcentres = [hex2outacentres ; hex2outbcentres]; %Set of all 2 level outer
hexagons

hex2outcentres ([1 6]) = hex2outcentres([6 1]);hex2outcentres([2 12]) =
hex2outcentres ([12 2]) ;hex2outcentres([3 5]) = hex2outcentres([5 3]);
hex2outcentres ([4 10]) = hex2outcentres ([10 4]);hex2outcentres([6 8]) =
hex2outcentres ([8 6]) ;hex2outcentres ([7 8]) = hex2outcentres([8 7]);
hex2outcentres ([9 12]) = hex2outcentres ([12 9]) ;hex2outcentres([10 12]) =
hex2outcentres ([12 10]) ;hex2outcentres ([12 11]) = hex2outcentres ([11 12]);

hex2centres = [hex2incentres; hex2outcentres]; %Set of all 2 level hexagon centres
for p = 1:6
for g = 1:6

allhex4centres_cell{q,p} = complex(hex7centres(p,4) + hexd4centres(q,1)); %
Calculating all hex4centres in order
end
end
allhex4centres = cell2mat(allhex4centres_cell); %cell to mat form conversion

for p = 1:6
for q = 1:6

for r = 1:18

allhex2centres_cell{r,q,p} = complex(allhex4centres(q,p) + hex2centres
(r,1)); %Calculating all hex2centres in order
end

end
end
allhex2centres = cell2mat(allhex2centres_cell); %cell to mat form conversion




76



7

Printed C

1rcult Board

B.1 Schematic and layout of full-bridge aluminum power board
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Figure B.1: Schematic of Full-Bridge Aluminum Power Board
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Figure B.3: 3D View of Full-Bridge Aluminum Power Board



B.2 Schematic and layout of SST Secondary board
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Figure B.4: Schematic of SST Secondary board

Figure B.5: Layout of SST Secondary board
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Figure B.6: 3D View of SST Secondary board
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Figure B.7: Schematic of DC-Link Capacitor Board
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Figure B.8: Layout of DC-Link Capacitor Board

Figure B.9: 3D View of DC-Link Capacitor Board
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