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Summary

By contributing up to almost 40% of the total consumed energy, residential households and commercial
buildings are major consumers, which will play an essential role in the world’s upcoming energy
transition. Hence, ensuring high energy-efficiency from generation to consumption is of paramount
importance to achieving sustainability.

The advent of Smart grids (SGs) with renewable energy sources (RESs), electric vehicles (EVs), and
energy storage offers a lot of flexibility in how the energy is used, stored, and locally produced. In
addition to that, the resurgence of direct current (DC) distribution system due to: (a) advancements in
power electronics, and (b) inherent DC nature of renewable energy sources, storages, modern loads,
provides an interesting opportunity to reconceptualize residential distribution geared with the goal of
achieving high energy efficiency. To that end, the goal of this thesis is to develop a highly efficient, safe,
sustainable, economically feasible EV charging enabled future DC smart home concept suitable for
smart DC grid integration. This thesis is comprised of four main elements:

Optimal smart DC home architecture

Developing robust, available, decentralized, Smart Grids (SGs) require a bottom to top modular ap-
proach. Further, the individual modules should be capable of independently performing multiple
functions while using locally available information. To that end, the functional requirements of a future
smart house architectur are identified so that they can act as modules or agents to form a robust, de-
centralized SGs. Based on those metrics, the existing state of the art alternating current (AC) household
architecture is evaluated. A case for DC-based distribution is presented as it provides potentially higher
energy efficiency due to the inherent DC nature of sources like photo-voltaic (PV) panels, storages like
the battery, and loads like modern electronic appliances. Several existing DC system architectures and
voltage levels for integrating PV, EV storage, and loads are compared based on scalability, flexibility,
availability, and robustness. After a detailed comparison, it is concluded that a smart power router-
based DC system architecture that integrates PV, battery storage, the grid in a multi-port converter is
the optimal architecture for future household grids.

Multi-port power electronic converter

The multi-active bridge (MAB) converter topology is selected as the smart power router capable
of functions like controlling bi-directional power flow, islanding during abnormal grid conditions,
providing high-level energy management, supporting the grid autonomously based on price incentives,
etc. Derived from the dual-active bridge (DAB) converter family, the MAB converter not only integrates



and exchanges the energy from/to all ports, but also provides full isolation among all ports and matches
the different port voltage levels. Additionally, the MAB converter realizes bidirectional power flow
by adjusting the phase-shift angle between the high-frequency AC voltages generated by the inverter
module at each port.

A key challenge in the design and control of the MAB converter is the inherent cross-coupling of power
flows between ports due to the inter-winding magnetic coupling of the transformer. Therefore, the
MAB converter behaves as a multi-input multi-output (MIMO) system with coupled power loops,
which is difficult to control. Thus, they inhibit the scalability of the number of ports in MAB converters
and increases the complexity of the control reduces their applicability. In this thesis, two solutions, a
hardware based solution and a control based solution are presented to decouple the power flows in
MAB converter. A 2 kW, 100 kHz Si-C based four port MAB converter laboratory prototype is developed
and tested extensively to validate the decoupling control strategies.

EV charging integration

Electric vehicles (EV) will be an integral part of future smart homes. Therefore, efficient charging
infrastructure is needed for integration of EVs in the DC house. Inductive power transfer (IPT) based
charging system is a promising candidate for household EV charging applications since it is more user-
friendly and safer than conventional wired charging due to absence of electrical or mechanical contacts.
Hence, a wireless inductive power transfer (IPT) based EV charging station for residential applications
is developed in this thesis. A multi-objective optimization (MOO) framework is developed to provide
a platform to design efficient, light, and misalignment tolerant magnetic couplers for IPT based EV
charging. The existing state of the art magnetic couplers like uni-polar couplers like circular, rectangular
and bi-polar couplers like DD, DDQ, and BPP are quantitatively compared using the developed MOO
framework, and their relative advantages and disadvantages are highlighted.

System sizing and economics of DC homes

Significant investment cost is associated with PV-battery based smart DC homes. In addition to battery
and PV, the sizing of the grid-interfacing AC-DC converter connecting the nanogrid to the utility grid
needs to be considered in the optimization. Since there are numerous design degrees of freedom like PV
design variables, storage sizes, the converter rating and battery technologies, a fundamental question
arises: What is the optimal and cost-effective PV installed power, converter rating and storage capacity
mix that minimises the annual cost of electricity, maximises self-sufficiency while considering battery
degradation? A multi-objective optimization-based framework is developed to draw simple PV-battery
sizing guidelines considering the effect of solar potential, degree of temporal mismatch between load
and PV generation, battery degradation, and tariff incentives. Economic metrics like simple payback
time and net savings are considered to evaluate the economic feasibility of PV-battery powered smart
DC homes. Additionally, the effect of meteorology on the optimal sizing problem is investigated by
selecting two case studies in the Netherlands and the US.
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Samenvatting

Door tot bijna 40 % van de totale verbruikte energie bij te dragen, zijn residentiéle huishoudens en
commerciéle gebouwen grote verbruikers, die een essentiéle rol zullen spelen in de aanstaande wereld-
wijde energietransitie. Daarom is het waarborgen van een hoge energie-efficiéntie van opwekking tot
verbruik van het grootste belang om duurzaamheid te bereiken.

De komst van Smart grids (SG’s) met hernieuwbare energiebronnen, elektrische voertuigen en en-
ergieopslag biedt veel flexibiliteit in hoe de energie wordt gebruikt, opgeslagen en lokaal geproduceerd.
Daarnaast biedt de heropleving van het gelijkstroom (DC) distributiesysteem als gevolg van: (a) vooruit-
gang in vermogenselektronica en (b) de inherente gelijkstroom-aard van hernieuwbare energiebronnen,
opslagplaatsen, moderne belastingen, een interessante gelegenheid om opnieuw te begrijpen won-
ingdistributie gericht op het bereiken van een hoge energie-efficiéntie. Daartoe is het doel van dit
proefschrift om een zeer efficiént, veilig, duurzaam, economisch haalbaar toekomstig DC smart home-
concept te ontwikkelen dat geschikt is voor slimme DC-netintegratie. Dit proefschrift bestaat uit vier
hoofdelementen:

Optimale slimme DC-huisarchitectuur

Het ontwikkelen van robuuste, beschikbare, gedecentraliseerde Smart Grids (SG’s) vereist een modulaire
aanpak van onder naar boven. Verder moeten de afzonderlijke modules in staat zijn om onafhankelijk
meerdere functies uit te voeren terwijl ze lokaal beschikbare informatie gebruiken. Hiertoe worden de
functionele vereisten van een toekomstige slimme huisarchitect geidentificeerd, zodat deze kunnen
fungeren als modules of agenten om robuuste, gedecentraliseerde SGs te vormen. Op basis van die
meetgegevens wordt de bestaande state-of-the-art architectuur van een huishouden geevalueerd. Er
wordt een voorbeeld gegeven van op gelijkstroom gebaseerde distributie, omdat het potentieel hogere
energie-efficientie biedt vanwege de inherente gelijkstroom-aard van bronnen zoals PV, opslagplaatsen
zoals de batterij en belastingen zoals moderne elektronische apparaten. Verschillende bestaande
DC-systeemarchitecturen en spanningsniveaus voor het integreren van PV, EV, opslag en belastingen
worden vergeleken op basis van schaalbaarheid, flexibiliteit, beschikbaarheid en robuustheid. Na
een gedetailleerde vergelijking wordt geconcludeerd dat een op slimme stroomrouter gebaseerde
gelijkstroom-systeemarchitectuur die PV, batterijopslag en het net in een multi-port converter inte-
greert, de optimale architectuur is voor toekomstige huishoudelijke netten.
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Multi-port power elektronische converter

De topologie van de multi-actieve bridge (MAB) -convertor is geselecteerd als de slimme stroomrouter
die functies kan uitvoeren zoals het regelen van de bidirectionele stroomtoevoer, eilandbewaking tij-
dens abnormale netomstandigheden, het verstrekken van hoogwaardig energiebeheer, het autonoom
ondersteunen van het net op basis van prijsprikkels , enz. Afgeleid van de familie van de dual-active
bridge (DAB) omvormers, integreert en wisselt de MAB-omvormer niet alleen de energie van / naar alle
poorten, maar biedt hij ook volledige isolatie tussen alle poorten en komt hij overeen met de verschil-
lende poortspanningsniveaus. Bovendien realiseert de MAB-omzetter een bidirectionele stroomtoevoer
door de faseverschuivingshoek tussen de hoogfrequente wisselspanningen die door de invertermodule
bij elke poort worden gegenereerd, aan te passen.

Een belangrijke uitdaging bij het ontwerp en de besturing van de MAB-omzetter is de inherente
kruiskoppeling van stroomstromen tussen poorten als gevolg van de onderling wikkelende magnetische
koppeling van de transformator. Daarom gedraagt de MAB-converter zich als een multi-input multi-
output (MIMO) -systeem met gekoppelde stroomlussen, wat moeilijk te besturen is. Ze verhinderen
dus de schaalbaarheid van het aantal poorten in MAB-converters en vergroten de complexiteit van
de besturing en verminderen hun toepasbaarheid. In dit proefschrift worden twee oplossingen, een
op hardware gebaseerde oplossing en een op controle gebaseerde oplossing, gepresenteerd om de
stroomstromen in de MAB-omvormer te ontkoppelen. Een laboratoriumprototype van 2 kW, 100
kHz op Si-C gebaseerde MAB-converters met vier poorten is ontwikkeld en uitgebreid getest om de
ontkoppelingsregelstrategieén te valideren.

EV-laadintegratie

Elektrische voertuigen (EV) zullen een integraal onderdeel zijn van toekomstige slimme huizen.
Daarom is een efficiénte laadinfrastructuur nodig voor de integratie van EV’s in het DC-huis. Op
inductief vermogenoverdracht (IPT) gebaseerd laadsysteem is een veelbelovende kandidaat voor
huishoudelijke EV-laadtoepassingen, aangezien het gebruiksvriendelijker en veiliger is dan convention-
eel bedraad opladen vanwege de afwezigheid van elektrische of mechanische contacten. Daarom is in
dit proefschrift een draadloos, op inductief vermogenoverdracht (IPT) gebaseerd EV-laadstation voor
residentiéle toepassingen ontwikkeld. Een multi-objectief optimalisatie (MOO) raamwerk is ontwikkeld
om een platform te bieden voor het ontwerpen van efficiénte, lichte en foutieve uitlijningstolerante
magnetische koppelingen voor IPT-gebaseerd EV-opladen. De bestaande state-of-the-art magnetische
koppelaars zoals unipolaire koppelingen zoals ronde, rechthoekige en bipolaire koppelingen zoals DD,
DDQ en BPP worden kwantitatief vergeleken met behulp van het ontwikkelde MOO-raamwerk, en hun
relatieve voor- en nadelen worden benadrukt.

Systeemafmetingen en economie van DC-huizen

Aanzienlijke investeringskosten worden in verband gebracht met op PV-batterijen gebaseerde slimme
gelijkstroomwoningen. Naast de batterij en PV, moet bij de optimalisatie rekening worden gehouden
met de dimensionering van de wisselstroom-gelijkstroomomzetter die de nanogrid met het openbare
stroomnet verbindt. Aangezien er talrijke ontwerpvrijheidsgraden zijn, zoals PV-ontwerpvariabelen,
opslaggroottes, het vermogen van de omvormer en batterijtechnologieén, rijst een fundamentele
vraag: wat is het optimale en kosteneffectieve geinstalleerde PV-vermogen, het vermogen van de
omvormer en de opslagcapaciteit die de jaarlijkse kosten van elektriciteit, maximale zelfvoorziening,
rekening houdend met de degradatie van de batterij? Er is een op optimalisatie gebaseerd raamwerk
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met meerdere doelen ontwikkeld om eenvoudige richtlijnen voor de dimensionering van PV-batterijen
te trekken, rekening houdend met het effect van het zonnepotentieel, de mate van tijdelijke mismatch
tussen belasting en PV-opwekking, batterijdegradatie en tariefprikkels. Economische statistieken zoals
eenvoudige terugverdientijd en nettobesparingen worden overwogen om de economische haalbaarheid
van door PV-batterijen aangedreven slimme gelijkstroomwoningen te evalueren. Daarnaast wordt het
effect van meteorologie op het optimale dimensioneringsprobleem onderzocht door twee case studies
in Nederland en de VS te selecteren.
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|§ Introduction

1.1 Motivation: A Brave New Grid

1.1.1 Why the grid is changing?

"Either you die a hero, or you live long enough to see yourself become the villain"- visionary filmmaker
Christopher Nolan had a unique observation regarding the eroding effect of time on the human
character in an ever-changing society. However, in reality, the statement is more universally applicable
to a multitude of things ranging from political ideology, technology to even in some cases well-tested
scientific theories. The latest victim of this test of time is the electricity grid.

The alternating-current (AC) based grid driven by cheap fossil fuels has been performing satisfactorily
since its inception in the late 19° h century. However, in recent years, two fundamental aspects of the
current electricity grid are subjected to increased scrutiny. First, its over-reliance on conventional
energy sources has created significant environmental problems due to the emission of greenhouse gases.

Figure 1.1: Overview of complex networks: (a) centralized: where all the nodes are connected under a single
entity, (b) decentralized: all the nodes have individual autonomy, and (c) distributed: every node is independent
and inter-connected with each other.
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Second, the structural limitations of the hyper-centralized grid are exposed by the considerable stress
caused by an ever-growing demand for electrical energy due to rapid development and industrialization.

As aresponse to the polluting fossil fuel-based generation, a new sustainable energy supply chain is
emerging due to increasing penetration of renewable energy sources (RES) like solar and wind, coupled
with recent developments in energy storage technologies like the battery, supercapacitor, and fuel cells.
However, sustainability is not only about efficiency and wise use of resources, but it is also about the
fundamental structure of that system.

1.1.2 Advent of smart grid

The primary function of the grid is to provide energy to where it is demanded most efficiently and
reliably. Each source and loads constitute a node in a multi-agent-based complex network. There
are three ways of realizing a complex system: (a) centralized, (b) decentralized, (c) distributed as
shown in Figure 1.1. The current grid structure is a highly centralized complex network. Hence, it
is inherently more vulnerable to fluctuations, less adaptable to changing conditions, and requires
large capital investment in both the system itself and its supporting infrastructure. On the other hand,
decentralized or distributed systems tend to be more flexible, able to adapt to local conditions, and
can take advantage of mass production and modularity to be cheap and accessible. To that end, a
new field of research into "Smart grids" (SG) is created to envision a renewable energy-driven efficient,
resilient, and reliable decentralized grid for the future. "Smart grid" focuses on the integration of highly
decentralized distributed sources, loads and storage systems. As an example, Figure 1.2 shows the
evolution of the electricity grid of Denmark from 1985 to 2015. The rapid change of the fundamental
structure of the grid from a centralized network to a decentralized network is evident.

The main flexibility of smart grids comes from its modular bottom-to-top approach towards designing
grids. The main building blocks of SGs is known as "Microgrids". The idea of a microgrid is based
on an aggregation of micro sources, loads and storage systems which collectively results in a unique
entity which is interpreted as a single dispatch-able prosumer [2]. To incorporate further modularity,
the concept of nanogrid as building blocks for individual microgrids has also been proposed [3]. A
cluster of autonomous nanogrids result in an autonomous microgrid. Building on the next layer, a
cluster of autonomous microgrids leads to a reliable, available and fault-tolerant smart grid as shown
in Figure 1.3.

1.1.3 Role of households in smart grid: challenges and opportunities

Similar to the main grid, the residential grid is going through a radical transition of its own. The future
households face several challenges as highlighted in the following:

1. Rising energy demand: By contributing up to almost 30% of the total consumed energy (see
Figure 1.4a), residential households will play a crucial role in the upcoming energy transition in
Europe. The overall energy consumption in the residential sector is expected to increase further,
as shown in Figure 1.4b. Hence, ensuring energy-efficiency from source to consumption is of
paramount importance towards sustainability.
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2. Electrification of heating: According to Figure 1.4b, a significant amount of energy consumption
in the residential sector is in the space and water heating which is currently supplied by fossil-
fuelled heat generation technologies. The EU strategic long-term vision is to electrify the heating
by replacing fossil fuels with heat pumps which would further increase the electricity demand by
up to 26% [4, 5] in 2050.

3. Integration of EVs: Future households have to integrate charging of electric-vehicles (EVs). The
high power requirement of EVs coupled with its inherent stochastic nature will put significant
stress on the residential grids.

4. Interface with weak grids: Due to high penetration of RESs interfaced with power electronic
converters, smart grids are expected to be weaker than conventional grids due to the lack of
energy storage. Thus, for stable and robust operation of the grid, future nanogrids will have
to provide additional functionalities like fast control, grid-support via demand response, and
islanding capability.

The above challenges make the interaction of the buildings/households with the microgrid as a design
bottleneck of the new energy transition. However, there are several reasons to be optimistic. Recent
scientific and technological advancements have given grid engineers the required tools to tackle the
challenges adequately. Some of them are highlighted in the following:

* Development in solar power technology: The cost of solar photo-voltaics (PV) in the residential

Windfarms Central plants Decentral and commercial plants
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Figure 1.2: Evolution of the electricity grid of Denmark from a centralized network to de-centralized network [1].
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Smart Grid

Microgrid

Figure 1.3: Modular building blocks of future decentralized Smart grids composed of multiple inter-connected
microgrids which consist of mutiple nanogrids.
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Figure 1.4: Overall energy consumption data in Europe: (a) contribution of individual sectors from 1990 to 2017,
(b) combined historical data and forecasted data of energy consumption by use in the residential sector from 1990
to 2030. [Source: Eurostat]

sector is consistently falling over the past decade and is expected to go from 1350 €/kWp in
2016 [6] to as low as 300 €/kWp in 2050 [7]. Therefore, the low Levelized cost of electricity (LCOE)
for rooftop PV systems will incentivise residential users to produce and consume the energy
locally leading to higher grid-independence and lower transmission losses.

¢ Advancements in storage technology: The advancements in energy storage technology in the
last two decades, combined with an exponential reduction in production costs in the previous
ten years have provided the right conditions for the deployment of mature battery storage
technologies. Based on conservative estimates, the latest Tesla Powerwall system based on Li-ion
costs just under 600 €/kWh. Forecasts suggest that will reduce even further to 100 €/kWh in
2050 [8]. Additionally, innovation in new battery technologies like the solid-state battery, lithium-
sulphur (Li-S), and vanadium redox flow batteries is expected to improve further the lifetime,
round-trip efficiency, and safety [9-11].
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* Towards a direct current (DC) grid: Most renewable distributed generators for residential systems
like solar photovoltaics (PV), fuel cells (FCs) are inherently DC. Additionally, energy storage
systems (ESS) as batteries and even the modern AC based electronic appliances like refrigerators,
dishwashers are all intrinsically DC in nature. Thus, a DC-based distribution architecture is a
natural interface between mostly DC-based devices which leads to significant power conversion
stages reduction, hence achieving considerable loss reduction, in addition to simplicity and
potential cost reduction in power conversion units [12].

¢ Emerging technology integration: Emerging technology like Internet of Things (IoT) [13] pro-
vides exciting opportunities for conceptualizing safe, efficient, and smart future residential
households. Additionally, with the commercialization of wide-bandgap (WBG) semiconductor
devices inductive wireless Power transfer (WPT) has become feasible for a range of residential
applications from low power [14] to high power [15].

Therefore, rooftop PV panels, coupled with battery storage on a DC architecture, can genuinely make
future households sustainable, self-sufficient or grid-independent, and energy-efficient. Further, future
homes will also have emerging technologies like wireless EV charging capable of vehicle-to-home (V2H)
and vehicle-to-grid (V2G) depending on demand response. In summary, the motivation of this thesis is
to envision the future house nanogrid, which plays an integral role in the formation of a stable, reliable
and efficient smart grid.

1.2 Research objective
The main objective of this doctoral thesis is as follows:

"To develop a highly efficient, safe, sustainable, economically feasible EV charging enabled future DC
smart home concept suitable for smart DC grid integration”

The main goal of this thesis can be divided into two sequential steps. First, to conceptualize the house
of the future powered by rooftop PV coupled with battery-based energy storage in DC distribution
and able to integrate high power stochastic EV load. Second, to develop the required hardware and
control to realize the concept in its full potential. To that end, four key research questions are essential
to answer:

1. What is the optimal architecture for integrating PV, EV, battery, and loads to realize future smart
grid-connected residential households?

2. How to design and construct key power electronic converter technology to realize a robust, safe,
scalable, and reliable household nanogrid?

3. How to integrate EV charging in future homes while ensuring user safety and high efficiency?

4. What is the techno-economic feasibility of PV-battery integrated smart household nanogrids?
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1.3 Research questions and thesis outline

The four main research components identified above are organized into five chapters. Figure 1.5 shows
the thesis outline along with the chapters. The corresponding research questions answered in each
chapter of the thesis are presented below:

Chapter 2: Optimal architecture for Smart DC homes

* What additional functions are required of a future residential nanogrid?
» What are the advantages and drawbacks of the existing AC architecture for residential grids?

» What is the optimal architecture for integrating PV, storage, and EV in future residential grids?

This chapter reviews the current AC-based architecture of residential grids and identifies the technolog-
ical gap that hinders integration into smart-grids. A case for DC distribution for future residential grids
is presented based on qualitative comparison. Several existing DC system architectures for integrating
PV, EV, storage and loads are compared based on scalability, flexibility, availability, and robustness.
Based on the analysis, a smart power router-based DC system architecture which integrates PV, battery
storage, grid in a multi-port converter is selected for future household grids.

Chapter 3: Smart power router for DC Homes

* How the functional requirements of future residential grids influence the power router design?
» Which multi-port power converter topology is suitable to function as a smart power router?

» What are the design or control challenges associated with the multi-port converter topology?

A smart power-router based future DC house concept is introduced in chapter 2. Chapter 3 investigates
the optimal multi-port converter topology to satisfy the functionalities of the intelligent power router.
The multi-active bridge (MAB) converter is selected as the topology for the smart power-router. MAB
converter is challenging to design and control as it is a highly coupled multi-input multi-output (MIMO)
system. To that end, two solutions are presented to decouple the intra-port power flows of the MAB
converter. One approach decouples the power flows using hardware design, and the other approach
solves it in the control domain. A 5 kW four-port MAB converter laboratory prototype is developed and
extensively tested to validate the theoretical claims.

Chapter 4: Wireless EV charging integration

* What are the advantages of inductive wireless charging for EV integration in future homes?

* How to design highly efficient, high power density and misalignment tolerant static inductive
power transfer (IPT) systems?
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* What are the advantages and drawbacks of different magnetic coupler topologies for IPT based
residential EV charging?

Chapter 4 develops an efficient charging infrastructure based on wireless inductive power transfer (IPT)
for integration of EVs in the DC house. IPT technology is more user-friendly and safer than conven-
tional wired charging due to absence of electrical or mechanical contacts. With the aim of building a
professional prototype, efficiency, volume, weight and misalignment performance are considered in a
multi-objective optimization based IPT system design framework.

Chapter 5: Optimal system sizing & economics of DC smart homes

* How to build a comprehensive optimization framework for PV, battery and converter system sizing
which incorporates multiple objectives?

* How to derive simple sizing rules based on load profile, PV profile, and specific storage technology?

» What is the return-on-investment (ROI) on a PV, storage integrated household in terms of savings
in cost of electricity?

This chapter examines the optimal system design of the PV system, local energy storage, and grid
converter in residential grids. A multi-objective optimization framework is developed to incorporate
the design complexity arising from multiple design variables and mutually conflicting design objectives.
Using the optimization framework, the effect of meteorological conditions, electricity tariffs, choice of
battery storage technology, and temporal mismatch between load and PV profile on optimal system
sizing is investigated. Lifetime system cost and savings on electricity costs are also considered in the
optimal system sizing problem.

Chapter 6: Conclusions & future Work

Chapter 6 summarizes the key outcomes obtained from the thesis corresponding to the main re-
search questions formulated in chapter 1. Additionallty, recommendations regarding future research
directions are provided.
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1.4 Research contributions

The list of relevant publications to the thesis and the corresponding chapters are presented in the
following:

Journal publications:

1. S.Bandyopadhyay, P. Purgat, Z. Qin, and P. Bauer, "A Multi-Active Bridge Converter with Inherently
Decoupled Power Flows," in IEEE Transactions on Power Electronics, vol. 36, no. 2, pp. 2231-2245,
Feb. 2021 (Chapter 3)

2. S. Bandyopadhyay, Z. Qin, and P. Bauer, "Decoupling control of Multi-Active Bridge Converter
using Active Disturbance Rejection," in IEEE Transactions on Industrial Electronics (Chapter 3)

3. S. Bandyopadhyay, P. Venugopal, J. Dong and P. Bauer, "Comparison of Magnetic Couplers for
IPT-Based EV Charging Using Multi-Objective Optimization," in IEEE Transactions on Vehicular
Technology, vol. 68, no. 6, pp. 5416-5429, June 2019 (Chapter 4)

4. S.Bandyopadhyay, G. R. C. Mouli, Z. Qin, L. R. Elizondo and P. Bauer, "Techno-Economical Model
Based Optimal Sizing of PV-Battery Systems for Microgrids," in IEEE Transactions on Sustainable
Energy, vol. 11, no. 3, pp. 1657-1668, July 2020 (Chapter 5)

Conference publications:

1. S. Bandyopadhyay, V. Prasanth, P. Bauer and J. A. Ferreira, "Multi-objective optimisation of a
1-kW wireless IPT systems for charging of electric vehicles," IEEE Transportation Electrification
Conference and Expo (ITEC), Dearborn, MI, 2016, pp. 1-7 (Chapter 4)

2. S. Bandyopadhyay, V. Prasanth, L. R. Elizondo and P. Bauer, "Design considerations for a mis-
alignment tolerant wireless inductive power system for electric vehicle (EV) charging," 2017 19th
European Conference on Power Electronics and Applications (EPE’17 ECCE Europe), Warsaw,
2017, pp. 1-10 (Chapter 4)

3. S.Bandyopadhyay, J. Dong, L. Ramirez-Elizondo and P. Bauer, "Determining Relation Between
Size of Polarized Inductive Couplers and Nominal Airgap," IEEE 18th International Power Elec-
tronics and Motion Control Conference (PEMC), Budapest, 2018, pp. 248-255 (Chapter 4)

4. S.Bandyopadhyay, Z. Qin, L.R. Elizondo, and P. Bauer, "Comparison of Battery Technologies for
DC Microgrids with Integrated PV," 2019, International Conference on DC Microgrids (ICDCM),
Matsue, Japan, 2019, pp. 1-9 (Chapter 5)
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4 Optimal Architecture for Smart DC
Homes

Developing robust, available, decentralized, modular smart Grids (SGs) require modules capable of
independently performing multiple functions and using locally available information. To that end, this
chapter analyses the suitability of the current AC-based architecture of residential grids as potential
building blocks of smart-grids. A case for DC distribution as a better candidate for residential grids is
presented based on the qualitative comparison. Several existing DC system architectures for integrating
PV, EV, storage, and loads are compared based on scalability, flexibility, availability, and robustness.
Based on the analysis, a smart power router-based DC system architecture that integrates PV, battery
storage, grid in a multi-port converter is selected for future household grids.
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2.1 Introduction

Chapter 1 presents the motivation for developing decentralized smart grids (SGs) with a flexible struc-
ture consisting of modules known as microgrids (MGs) and nanogrids (NGs). The individual microgrid
or nanogrid modules are defined as groups of energy resources, both renewable and conventional, and
loads located and interconnected to appear as a single entity to the overhead electric grid. The use of
distributed resources to power local loads combined with the capability to operate independently of the
overhead grid makes MGs/NGs a technically feasible option to address the concerns of sustainability,
resilience, and energy efficiency.

The current centralized grid is comprised of distributed elements consuming energy downstream. The
individual components in this complex grid network are incredibly passive, which results in a complex
system consisting of simple elements. Therefore, for the overall system stability, the functions are
performed in centralized control stations. The stability of the overall grid centralized grid structure
is aided by the large system inertia, which is due to the stored energy in the mechanical rotating
generators. As presented in the previous chapter, the future smart grid plans to deviate from the
hyper-centralized fossil fuel-based grids into a decentralized grid with distributed renewable energy
sources (RESs). Unlike conventional power plants, a renewable energy power plant doesn’t offer the
same inertia, which makes control and stability of the grid challenging. Therefore, for stable operation
of a decentralized smart grid, it requires the modules or elements forming the complex grid to be
actively participating in the process. To that end, this chapter focuses on developing a concept for the
future residential household acting as an active nanogrid contributing towards a stable decentralized
smart grid.

The future household will be powered locally by rooftop solar panels to improve energy independence
and reduce the burden on the overhead grid. Further, it will consist of energy storage as an active
element responsible for balancing generation with the load increasing power independence. When
connected to the overhead grid, a residential nanogrid will appear as a controlled module within the
complex power system that, instead of being a burden to the overhead grid power-management system,
represents a resource capable of supporting the grid. The choice of system architecture and distribution
at the residential nanogrid level will play a significant role in achieving a reliable, robust, efficient, and
flexible smart grid. To that end, this chapter provides a detailed analysis of the choice of hardware
architecture and distribution, enabling a nanogrid to function optimally as a responsible element
within a decentralized smart grid.

The chapter is divided into five sections. Section 2.2 provides more insight into the functions required
of a future residential nanogrid and identifies the critical aspects of an optimally functioning nanogrid.
To achieve those functions, the choice of distribution and architecture is of paramount importance. To
that end, section 2.3 compares an AC nanogrid and a DC nanogrid based on the desired functions of a
future nanogrid to select the optimal distribution. Section 2.4 reviews the current literature and DC
house pilot projects to provide a qualitative comparison of the popular architectures and voltage levels.
Section 2.5 introduces the DC smart utility grid as the overhead grid integrating multiple household
nanogrids. The advantages and drawbacks of having a power electronic interface between nanogrid
and microgrid are presented in detail. Based on the comprehensive analysis, a centralized smart-router
based DC-household nanogrid architecture is proposed in Section 2.6.
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2.2 Performance requirements for SG residential applications

In this section, a critical review of the performance requirements of future residential nanogrids (NGs)

is presented. A detailed analysis regarding the performance requirements is detailed in [1-3]. For a
holistic review, those functions are summarized in this section. Further, the functions are divided into
two categories: control and hardware architecture.

2.2.1 Control functional requirements:

1. Stability: The primary control of the NGs must ensure sufficient stability margins during transient
operating modes. It must be noted that the choice of system architecture also influences overall
system stability.

2. Co-ordinated control: Secondary and tertiary NG control should be able to carry out high-level
functions like economic dispatch, mode changing, efficiency optimization, and power flow
control between different sources, storages, and loads.

3. Grid-support capability: Future decentralized SGs will be dominated by power electronic
converters integrating renewable energy sources (RESs), storages, and loads. These interfacing
power electronic converters have a relatively low terminal capacitance, which results in low
system inertia. In comparison, the current centralized AC grid has high system inertia due to the
kinetic energy of the rotating generator in power plants. Therefore, future nanogrids are expected
to be able to provide ancillary services to the overhead utility grid.

2.2.2 Hardware functional requirements:

1. Energy efficient: With ever-increasing standards of living, heating electrification, and charging
of electric vehicles (EV), future households are expected to consume significantly more energy
compared to current standards. Therefore, future residential nanogrids are expected to be highly
energy-efficient to reduce losses and emissions.

2. Availability: Future residential NGs will inherently have higher availability due to multiple local
energy sources [4, 5]. Availability can be further improved with the optimal choice of distribution
and architecture.

3. Flexibility: The possibility of autonomous reconfiguration during faults or islanding can make
NGs more flexible and subsequently increase overall microgrid availability.

4. Scalability: Residential NGs should be highly scalable as they must continue working with new
appliances, sources, storage units, and loads seamlessly integrated into the household.

Among the above functional requirements, both stability and availability can be influenced by both
control and hardware architecture choices. NGs need to satisfy the above functionalities to different
degrees, depending on the application to form a stable, robust microgrid. For example, in the case
of NG applications like data centers, the availability requirements will be much higher than that of
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residential households. Since in this thesis, residential application is considered, higher priority will be
given to functions like co-ordinated control, stability, and scalability.

2.3 Choice of optimal distribution: AC vs DC

An in-depth review of the different elements of the residential grid is required to select the best
distribution for future smart homes. Those elements can be subdivided into three categories: sources,
storages, and loads. In the upcoming subsections, a detailed analysis of the internal architecture of the
categories is presented. Based on that, a comparative analysis of an AC-based nanogrid and a DC-based
nanogrid is reported.

2.3.1 Sources, storages, and loads in residential grids
Renewable sources

Contemporary and future smart homes are envisioned to be energy sustainable and powered by a mix of
renewable energy sources, together with the utility grid. Among the wide array of renewable resources,
photo-voltaic (PV) solar cells and fuel cells (FC) [6] are the most techno-economically feasible in
residential applications. Additionally, both PV panels and FCs generate power in DC.

Energy storage technologies

Energy storage technologies can be broadly classified into four categories: (a) mechanical energy storage
like pumped hydro storage (PHES), flywheel energy storage (FES), (b) electrical or electromagnetic
based like supercapacitors, (c) electro-chemical based like lead-acid or lithium-ion batteries, and (d)
thermal-based like hot water storage [7]. In residential applications, electro-chemical or battery storage
technologies are the most popular due to their high energy densities [8] and reliability. Therefore, in this
thesis, the focus will be on integrating batteries as energy storage elements. Battery technologies like
renewable energy sources are intrinsically DC in nature. In addition, the expected future integration of
electric vehicles (EVs) is going to inevitably increase the presence of DC devices in buildings’ electrical
systems because, basically, EVs have batteries that can be charged or discharged.

Types of loads

In contemporary households, a majority of the appliances depend on power electronic converters to
process electrical power into the form and amplitude required by the loads. Based on their internal
architecture, loads can be classified into the following categories:

1. Consumer electronics and LED lighting: Modern consumer electronics like smart TVs, phones,
computers are all internally DC loads. Further, energy-efficient light-emitting diode (LED) lights
are also DC in nature.
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2. Variable-speed drive loads: Kitchen loads like refrigerators, washing machines, dishwashers,
etc. are variable speed motor drives that are intrinsically AC in nature. However, they require an
additional AC-DC conversion before an inverter which controls the motor operation.

3. Resistive loads: Heating loads like electric oven, irons are resistive in nature, which converts
electrical energy to thermal energy. Resistive loads can work with both AC and DC distribution
without the need for extra power conversion.

A brief overview of the characteristics of sources, storages, and loads of residential households is
presented above. In the upcoming sections, different distributions are used to interconnect them and
compared them in detail.

2.3.2 AC nanogrid

Figure 2.3a presents the architecture of a grid-fed alternating current (AC)-based household in Europe.
The voltage level and the fundamental frequency vary depending on the geography. However, from
an architecture and distribution viewpoint, the above schematic can be considered a generic repre-
sentation of a current household grid globally. A passive distribution panel acts as an interface with
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Figure 2.1: AC based legacy house architecture.
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the overhead grid between one of the phases and the neutral. Within the same area, different houses
are connected to different phases for balanced operation. From the distribution panel, individual
feeders emerge that provides power to different load types based on their power ratings. Based on the
component type, there are different power conversion steps involved.

The power converter for the PV panels is generally a unidirectional two-stage converter featuring the
boost DC-DC converter stage and a single-phase voltage source inverter stage for interface with the
household grid. Energy storage and EV typically require isolated bidirectional DC-DC converters for
the optimal battery utilization on one side and the AC-line interfce at the other.

In the future, household loads are envisioned to contain more power electronic converters to optimize
their operation and boost efficiencies. For example, a modern washing machine has a variable speed
drive to provide maximum torque per ampere to a brushless motor. Thus, they are more efficient than
old washing machines that used conventional induction motors. Even low power consumer electronic
devices like TV, computer, audio, and other portable ones, inherently comprise the power electronics
circuits for operation. Most household electronic loads have two-stage power conversion, where the
front-end interface consists of electro-magnetic interference filter (EMI), a bridge rectifier, and often a
power factor correction (PFC) circuit.

The AC nanogrid system described above can work in both grid-connected mode and stand-alone
mode [9, 10]. It needs to perform two transitions: islanding operation during a fault or other abnormal
grid condition and synchronization when the fault in the grid is cleared or during normal conditions.
During islanding mode, the bi-directional converters of the storage, EV, and the PV converters perform
voltage/frequency regulation of the household AC grid. Additionally, grid support can be provided via
demand response during grid-connected mode operation [11]. There are two main drawbacks of the
above AC-based architecture. First, for optimal co-ordinated control of different source and storage
converters, dedicated real-time communication between the converter controllers [12] is necessary.
Second, since the utility grid interface of the AC nanogrid is still the AC-line, the overall nanogrid
stability depends on the composite of all the source, storage, and load converters, which is challenging.

2.3.3 DC nanogrid

Figure 2.2 presents the architecture of a grid-tied direct current (DC)-based household nanogrid
concept. Since the utility grid is AC, a bi-directional AC-DC converter acts as an interface between
the grid and the DC nanogrid. Therefore, the entire household nanogrid is seen by the utility grid as a
single electronic entity dynamically decoupled from the utility grid but dispatchable by the utility grid.
Compared to the AC nanogrid, the DC nanogrid has several advantages:

System efficiency

The main advantage of the DC nanogrid is the inherent high energy efficiency it offers [13, 14]. There is
no skin effect in a DC system which allows the current to flow through the entire cable and not just
the outer edges. This reduces losses and also provides a possibility to use a smaller cable for the same
amount of the current [15, 16]. Further, most household loads, renewable energy sources, and energy
storage technologies are intrinsically DC in nature. Figure 2.3 shows a single line diagram of AC and
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Figure 2.2: DC based house architecture.

DC nanogrids, highlighting the power conversion stages required by loads, sources, and storages. The
power conversion stages for resistive loads like an oven, stove, etc. are not shown as fundamentally the
choice of distribution is irrelevant for heating elements. Determining system efficiency is a challenging
task since it depends on multiple variables like load profile, PV profile, battery state of charge (SoC), etc.
These variables determine the dominant power flows within the system. Since future residential grids
are envisioned to be self-sufficient, it can be presumed that loads will be powered by PV panels during
the day and during the night or low solar irradiation battery storage will power the loads. The utility
grid will be used to power the loads if only PV power is not sufficient, and the battery is completely
discharged. Based on the conditions and power management implemented, the dominant power flows
in the system for both AC, and DC nanogrid are illustrated in Table 2.2. The different conversion steps
for every power flows can be summarized in Table 2.1.

According to Table 2.1, DC nanogrid has less conversion steps in most of the power flow conditions.
Only when the loads are directly powered by the utility grid, the power conversion steps are similar to
that of AC nanogrid. However, in the case of DC nanogrid, the first conversion step is the grid AC-DC
interfacing converter, which is rated for high power. Thus, at a low power range, the AC-DC conversion
has low partial load efficiency. Hence, it is possible for AC nanogrid to have higher efficiency than DC
nanogrid only when the power flowing from the grid to household appliances is dominant compared to
the other power flows. A detailed comparative analysis of overall system analysis is not in the scope of
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Table 2.1: Main power flows in DC and AC nanogrids

AC Grid

DC Grid

PV

DC
AC

AC utility grid

Photo-voltaics

K
Z5 ACutility grid

U4

Battery

B <
H T e
' 7 """""""" ACloads
v A _ H
1 Bidirectionsl ] ' H
' '
H ;oo '
!
N B s '
Battery storage Rectifi Isolated H B Battery storage P H
DEBC N e ’ oc/oe EV
DC DC
AC AC utillty grid AC AC utility grid

Photo-voltaics

|
|

Grid

: .‘
} ! oareemona
i oc/oc
Battery storage Recifer homtea H Battery storage
oc/oc % JEV
DC DC
AC AC ity grid AC AC urility grid

Bi-directional
DC/DC-DC/AC

'
' 7 ------------ AC load:
v .A 1
! Bidrectonal — . '
N oc/oc :
—{ Z '—, 1
| '
Isolated ' :
ocoe 1 JEV

18



2.3. Choice of optimal distribution: AC vs DC

Table 2.2: Conversion steps and energy efficiency

Power Flows Conversion Steps | Energy efficiency
Source Load AC DC DCvs AC
ACload | 4 2 DC
DCload | 4 2 DC
14% EV 4 2 DC
Battery 4 2 DC
Grid 2 2 AC
ACload | 4 2 DC
Battery | DCload | 4 2 DC
EV 4 2 DC
ACload 2 2 AC
Grid DCload | 2 2 AC
EV 2 2 AC

this thesis. A significant amount of scientific literature regarding the comparison of AC and DC system
efficiency has already been reported [14, 17].

Ease of control and stability

Unlike the AC nanogrid, the DC nanogrid has a controllable interface with the utility grid. Thus, a DC
nanogrid is much less susceptible to failure due to main grid disturbances. Further, the nanogrids are
fully decoupled from the grid through the converter, so that their internal architecture is completely
independent. The DC bus voltage in the house can be controlled, which can be used for distributed
control [18]. There is no need for any synchronization of DC nanogrid with the overhead AC grid,
and also reactive power control is not required. This further reduces the operational complexity

DC DC
AC AC utility grid AC AC utility grid
DCloads
. N
s : .
: ctife H
' = '

Photo-voltaics

i ==

DC/DC -DC/AC

Battery storage

.
Rectifier  lsolated | - Battery storage
o H

(@ (b)

Figure 2.3: Single line diagram of: (a) AC nanogrid, and (b) DC nanogrid to hightlight the reduction of power
conversion stages enabled by DC distribution.
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of the system. Stability in a DC nanogrid depends on maintaining the DC bus voltage within the
normal operating range for all the devices connected to the bus under every transient and steady-state
condition. Although stability depends on the overall architecture of the DC distribution, the solutions
are simpler than for AC nanogrids.

Advances in power electronics

Advances in DC-DC converter technology have resulted in highly efficient and reliable converters
providing the “DC transformer” effect that counterbalances the decisive factor that favored AC systems
in the 1900s. With the advent of wide-bandgap semi-conductors like silicon-carbide (Si-C) and galium-
nitride (GaN), the switching frequencies of power converters are consistently increasing to as high
as 500 kHz - 1 MHz. High switching frequencies reduce the size of the passives like magnetics and
capacitors, which provide space savings and system costs.

In conclusion, strong arguments indicate that implementing nanogrid by using a common DC voltage
is simpler, more reliable, and more efficient than using AC to implement nanogrids. However, there are
some obstacles to the practical implementation of the DC nanogrid, which need more attention from
the research community. Some of these are:

* Lack of commercial products: The high initial investment cost prevents the replacement of the
whole AC distribution grid at one time. This results in a chicken-and-egg problem: the lack of
available DC devices hinders the implementation of small DC grids while the lack of DC grids
prevents manufacturers from building DC devices.

* Lack of standards: The lack of standards and code is probably the main issue that needs to be
solved. Standardization is essential at the voltage levels where most devices will be connected and
also the choice of an optimal power architecture. However, it is important not only to consider
local DC nanogrids and microgrids but to consider their connection to a full universal DC distri-
bution system. Standardization will allow developing countries to choose DC when electrifying
rural areas or when investing in new infrastructure on a large scale. Several organizations such as
Emerge Alliance (EA), the European Telecommunications Standards Institute (ETSI), the Interna-
tional Electrotechnical Commission (IEC), Institute of Electrical and Electronics Engineers (IEEE)
and others, are already actively developing the necessary regulation and standards.

* Protection: Protection of the DC grid system is more difficult compared to the AC distribution
system. Sensitive detection, differentiation, and selective clearance of parallel and series DC arc
faults are important. Compared to AC microgrids, DC distribution systems are more susceptible
to sustained arcs due to the absence of current zero crossing [19].

In conclusion, DC grids have certain technical and commercialization challenges to solve before
proliferation into the energy market. However, they may be able to provide increased energy efficiency,
power density, and reliability, at possibly lower installation and operation costs. To that end, in this
thesis, DC distribution is considered as the backbone for the design of future smart homes. In the
upcoming section, possible DC home architectures are introduced and compared.
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2.4 DC architecture building blocks and voltage level

Significant scientific work has already been published regarding the choice of voltage level and architec-

ture type for general DC microgrids [13, 20, 21]. In this section, a brief overview of relevant architectures
for residential applications is presented for a qualitative discussion. Further, a brief overview of the
voltage levels in future DC households is also presented.

2.4.1 Voltage level in DC homes

The lack of standards in low-voltage DC (LVDC) distribution systems is evident from the variety of
voltage levels used in different DC home pilot projects from values as low as 48 V to as high as 400
V. However, upon close inspection, a pattern can be recognized. Based on power consumption, the
following voltage levels are relevant to residential applications:

* 300V -400V: Usual AC voltage levels for residential devices range from 100 V in Japan to 230 V
in the EU. The lowest RMS voltage can be 90 V and the highest 264 V considering a safety margin
of £10%. The latter has an RMS to peak voltage range from 305 V to 373 V. All devices have to
be able to insulate at least this voltage. Therefore, just from the device perspective, everything
is fine until this voltage if used with DC [22]. Normally, nanogrid applications with high power
consumption (= 10 kW) prefer this voltage range to minimize distribution losses. Beyond 400V,
energy efficiency improvement becomes negligible, whereas the design of the protection system
becomes challenging and costly. For example, 380 V is already a standardized voltage level in
data centers [23-25]. Similar voltage levels are used in several DC buildings and house pilot
projects [26, 27].

¢ 230 V: Medium power elements (0.4 - 5 kW) in a DC residential nanogrid can be powered at 230
V. For given power consumption, powering loads at 230 Vwould keep the same current loading
in the cables as in a single phase 230 V.. Additionally, this voltage level is already compatible
with purely resistive loads.

* 120 V:According to IEC61140 standard, 120 V represents the limit for extra LV, which doesn’t
require dedicated protection systems against indirect contacts. Using extra-low voltage is one
of several means to protect against electrical shock. For low power households in developing
countries, this can be an optimal choice of voltage level for supplying loads safely.

* 48/60 V: 48 V DC and lower voltage levels are safe and relatively efficient standard for low-
power appliances in home microgrids. It is already used as a standard in telecommunications
applications. In certain applications, 60 V can also be used instead of 48 V to improve energy
efficiency with similar advantages [26]. Consumer electronic equipment (e.g., phone chargers,
computers, smart TVs, and LED lights) in residential grids can be powered by this voltage level
efficiently while maximizing safety.

The selected voltage from the above choices for a residential nanogrid is inevitably related to the power
rating of the different elements in the house if the same wire gauge is reused. Therefore, different
voltages are more optimal for different groups while optimizing energy efficiency for each scenario,
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Table 2.3: Load groups and optimal voltage levels

Group no. | Category Loads Power range | Optimal voltage
Consumer electronics | Smart TV, phone charger,
L and lighting computer, LED lighting 10-200W 48/60V

Electric oven, kettle, rice

2 Kitchen 1-3kW 230V
cooker, toasters
Washi hine, dryers,

3 Laundry asfiing machine, Cryers, | 5 _4xw 300-400 V
electric iron

4 Electric vehicles DC charging, wireless 3-11kW 350-700 V

charging

safety, and compatibility with other systems [28]. Table 2.3 summarizes the optimal voltage levels for
different load groups in a DC household. In conclusion, there is no objectively best choice of voltage
level in future DC households. Research trend and implementation in pilot projects suggest that future
DC houses and buildings will have multiple voltage buses catering to different load groups, which
optimizes efficiency and safety [26, 27, 29].

2.4.2 C(lassification of architecture

There are several possible architectures for DC microgrid applications reported in the literature. In
this thesis, we are only focusing on those architectures suitable for DC residential applications [30].
Additionally, hybrid DC-AC residential grids are not considered in the following discussion.

A wide variety of DC architectures are possible due to numerous combinations of some basic architec-
ture building blocks. An in-depth analysis of DC architectures for microgrids can be found in [20, 21].
Based on the polarity of the DC voltage, and the number of buses, the following basic architecture
blocks can be used for future smart homes:

1. Unipolar DC house: In a unipolar DC residential nanogrid, sources and loads are connected

between the positive and the negative pole of the DC bus, as shown in Figure ?2. Since the power
is transmitted via the positive pole, the selection of the voltage level is a crucial factor in the
overall design of the system. Higher voltage level increases the power transmission capability at
the risk of safety [31, 32].
Overall, the unipolar system is simple to implement and cost-effective. However, this system
lacks redundancy, and therefore even a single fault can lead to a shutdown of the complete
system. Moreover, this system does not offer different voltage level options to the customers.
The unipolar DC system is viable for off-grid homes in remote rural areas, where no utility grid
infrastructure exists.

2. Bipolar DC house: A bi-polar DC system addresses the limitations of a unipolar DC grid. A bipolar
DC grid is a three-wire system, which consists of + Vpc, - Vpc and a neutral line as highlighted in
Figure 2.4b. This configuration provides customers three voltage levels: Vpc, - Vpc and 2Vpc.
High power loads like EV and sources like PV can be fed by the high voltage levels. For the rest
of the low and medium power loads, the normal voltage level can be used. Moreover, during
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2.4. DC architecture building blocks and voltage level

fault conditions, one of the poles can still be used to provide power to the loads. Therefore, the
reliability, availability, and power quality of the bipolar system are better than the unipolar system.
However, the unequal distribution of loads can lead to system unbalance in the bi-polar DC grid.
Normally, a voltage balancer circuit is used in this type of system, which increases cost [33].

. Multi-bus DC house: The main disadvantage of a unipolar DC nanogrid is the lack of flexibility
in terms of consumer voltage. A multi-bus DC nanogrid solves that problem by introducing
multiple unipolar buses of different voltage levels catering to the wide range of electronic devices
in a residential grid. Thus, the loads with different power ratings can be connected to the voltage
that better suits them. Figure 2.4c shows a multi-bus DC house with three unipolar voltage levels:
350 V for high power loads and sources, 60/48 V for LED lighting and consumer electronics,
and 24 V for USB-C based charging. Several DC house pilot projects are based on the multi-

AC utillity grid si-directional| = Isolated )
DC/DC DC/DC 60/48V
amebalol mmmmmbetemes N
! v
' '

Battery storage EV

Figure 2.4: Single line diagram of different AC grid-connected DC home architectures: (a) unipolar DC grid, (b)
bi-polar DC grid with voltage balancer, and (c) multi-bus DC grid with three unipolar voltage buses.
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Table 2.4: Overview of architecture and voltage level in DC home pilot projects

. . . Bus architecture
Pilot Project Location Unipolar | Bi-polar | Multi-bus Voltage levels
Pulse Building [26] Deltt, v v 350V, 60 V
ise burding The Netherlands ’
o Amsterdam,

ABN Amro building [27] The Netherlands Ve 350V

. 380V, 48YV,
Intelligent DC house [29] Aalborg, Denmark v v 24V 12V
Osaka university [33] Osaka, Japan v 170V, 340V
Yokohama smart home [34] | Yokohama, Japan v 380V
Solar DC homes [35] Rajasthan, India v 48V

bus architecture: Pulse building in the Delft University of Technology in the Netherlands [26],
intelligent DC home at Aalborg University in Denmark [29] etc. For more flexibility of available
voltages, the main bus of the house can also be bipolar.

The unipolar and bipolar topologies form the basis for the future DC nanogrid system architecture.
The multi-bus DC house architecture can be considered a higher level architecture on top of either
a unipolar or a bi-polar architecture. Multi-bus systems can be an interesting architecture for future
households as different load groups can be powered by different bus voltages, which improve both
energy efficiency and safety.

Based on the architecture building blocks and possible voltage levels, several pilot projects for imple-
mentation of DC house or buildings already exists in different parts of the world. Table 2.4 provides a
brief overview of the architecture and voltage levels used in those DC nanogrid prototypes. It must be
noted that the list of pilot projects shown in the table is not exhaustive.

2.5 Integration with DC utility microgrid

A significant overhaul of the current AC utility infrastructure overnight is not feasible. Therefore, the
journey towards a universal DC smart grid is going to be long and arduous with small steps from both
bottom to top and top to bottom directions. From the bottom, making nanogrids like households DC
is a significant stepping stone towards a universal DC smart grid. Till now, all the DC home solutions
reported in literature and industry considered an AC utility grid with an interfacing AC-DC converter.
However, in the last decade, research has gathered significant momentum towards envisioning the
utility grid as a DC microgrid consisting of multiple DC nanogrids [33, 36-38]. Bi-polar distribution
connecting multiple houses and buildings is seen as a promising solution due to the advantages
discussed in the previous section. Figure 2.5 presents a bi-polar architecture of a DC utility grid
interfacing with an overhead AC grid [13]. Since the limit for LVDC is 1500 V, a bi-polar distribution grid
of £ 750 Vis proposed for minimizing distribution losses. Another bi-polar grid of + 350 V is extracted
from the overhead grid to power the residential grid consisting of different nanogrids. Medium and low
power households or buildings can be connected to the 350 V and the neutral while buildings requiring
high power (= 15 kW) can connect between +350 V and -350 V.
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Figure 2.5: A schematic of a two-level bipolar LVDC utility distribution microgrid [13].

Conceptualizing a DC house architecture connected to an AC utility grid is fundamentally different
compared to envisioning a DC house connecting a DC utility grid. While connecting a DC household
to an AC overhead grid, a power electronic interface is necessary to convert AC to DC. However, two
possible scenarios arise when connecting a DC house to a DC utility grid: (1) without a DC-DC power
electronic converter as grid-interface, (2) With a DC-DC power electronic converter as grid-interface.
The advantages and disadvantages of the above configurations are discussed in the following:

2.5.1 DC house without interfacing converter

The advantages of DC distribution in households are discussed in detail in Section 2.3. Since the final
goal is to implement DC distribution in a household nanogrid grid with an overhead DC utility grid, the
logical step is to directly connect the house to the utility grid, as shown in Figure 2.6. In essence, it is
similar to the current AC houses being directly connected to the AC utility grid, as shown in Figure 2.1.
The advantages and disadvantages of DC house without a converter as a grid interface are discussed in
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Figure 2.6: DC house architecture without a DC-DC converter interface to the DC utility grid.

the following:

Advantages

1. Higher energy efficiency: Since there is no converter as a grid-interface, there is one less conver-
sion stage when loads are powered from the grid. Additionally, in scenarios that require power
transfer between adjacent households, the energy-saving due to fewer conversion steps will be

even higher [39].

2. Low installation cost: While interfacing a DC house with the utility microgrid, the interfacing
converter needs to be designed for the peak demand of the nanogrid, which is expensive. Thus,

removing the converter at the interface between nanogrid and the utility microgrid can reduce

investment costs significantly.

3. High scalability: Due to the decentralized nature of the house nanogrid, sources, loads, and

storages can be expanded without any constraints. Therefore, this system is very scalable.
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2.5. Integration with DC utility microgrid

Disdvantages

1.

Lack of electrical separation: A significant downside of directly connecting the DC nanogrid to
the microgrid is the lack of electrical separation between them. Consequently, the control of the
microgrid becomes a bit challenging as the utility grid doesn’t see the DC nanogrid as a single
dispatchable electronic entity.

. Fault energy and safety: The lack of electrical separation between the household nanogrid and

utility microgrid makes the protection challenging as there is no bi-directional fault interruption.
Additionally, a short circuit fault within the house nanogrid can be fed by the microgrid, which
might lead to high fault energy resulting in safety concerns [40].

. Complex grid stability: Future DC microgrids will be dominated mainly by renewable energy

resources interfaced with power electronic converters. Therefore, compared to the existing AC
grid, future DC grid will have significantly low inertia leading to the term "weak grid" [41, 42].
While interfaced directly with a weak grid, the overall DC nanogrid stability is dependent on the
composite of all the source and load converters, which can be complex [43-45].

. Low grid-support capability: The lack of a controllable grid interface results in a passive non-

dispatchable nanogrid. Such an entity doesn’t offer a lot in terms of overall grid support and
re-configuration.

. Decentralized control and need for dedicated communication: Since individual sources, stor-

ages and loads are connected by individual power electronic converters, high-level energy man-
agement for economic optimization requires complex decentralized control or dedicated real-
time communication.

2.5.2 DC house with interfacing converter

The natural alternative to directly connecting a DC household to the utility grid is to use a DC-DC
converter as an interface between the nanogrid and the microgrid, as shown in Figure 2.7. From an

architecture viewpoint, it is similar to the current DC house pilot projects with an AC-DC converter
as an interface to the AC utility grid (see Figure 2.2). The advantages and disadvantages of the DC
nanogrid with the grid-interface concept are discussed in the following:

Advantages

1. Decoupled from grid: Since there is a controllable grid-interface, the household nanogrid is

seen as a single electronic load/source/storage by the utility grid. The resulting nanogrid is
dynamically decoupled from the grid and can be dispatched by the utility operator autonomously
via price signals.

. Bi-directional fault interruption: The current limit protection is integrated into the semicon-

ductor switches of the DC-DC power converter itself, which eliminates the need for bulky and
expensive protection devices, e.g., solid-state circuit breaker, on both sides [40].
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Figure 2.7: DC house architecture with a DC-DC converter interface to the DC utility grid.

Controllable consumer voltage: Due to dynamic decoupling from the grid, the voltage of the
internal architecture is completely independent and can have different voltages. The variable DC
bus voltage can be used as a communication signal between different source/storage converters
for distributed control [18].

Low fault energy and safety: The static energy stored on the DC nanogrid side converter capaci-
tors is small, which can reduce the transient energy spike under the short-circuit condition, thus
reducing the safety challenge to users.

Disdvantages

1.

28

Low energy efficiency: Using a power electronic converter as a grid interface adds an extra power
conversion step between the microgrid and household loads/sources or storage, which reduces
energy efficiency. However, future house nanogrids are envisioned to be highly grid-independent
in terms of both energy and power. Hence, the dominant power flows in a household nanogrid
will be internal, which doesn’t affect overall energy efficiency.

. High investment cost: The grid-interfacing converter needs to bi-directional and rated at the

peak demand of the household nanogrid, which makes it expensive. Hence, this converter will



2.6. Smart-power-router based DC nanogrid

have a low utilization factor as the average demand is significantly lower (10%-20% of peak
demand). Most of the time, these converters would operate at partial load conditions with poor
efficiency, as modular converters might not be economically feasible at these power levels due to
the overhead of modularity.

3. Complex stability: Even with a grid-interfacing converter, the overall nanogrid stability is depen-
dent on the composite of the source/load converters, which can be complex.

4. Decentralized control and communication: Control requirements for DC nanogrid with grid
converter can still be a bit challenging due to its decentralized nature. As previously discussed,
the controllable DC bus voltage can be used for distributed control. However, real-time commu-
nication might still be necessary for high-level energy optimization.

2.6 Smart-power-router based DC nanogrid

In this previous section, two possible scenarios of connecting a DC nanogrid to a DC utility microgrid
are discussed. The advantages and disadvantages of the two scenarios are analyzed in depth. In
summary, both solutions offer a trade-off between different nanogrid functionalities. For example, a
DC nanogrid without interface has more energy efficiency for nanogrid to microgrid or inter-nanogrid
power transfers at the cost of controllability and ease of protection. Similarly, a DC nanogrid with
grid-interface offers ease of control and protection at the expense of energy efficiency for specific power
flows and high overall investment cost. However, both the solutions suffer from similar drawbacks like
complex stability due to their decentralized architecture and the need for communication to achieve
high-level energy management for economic optimization. To that end, a centralized smart-power-
router concept for DC house is proposed in this thesis to combine the best attributes of the above
solutions while eliminating their common drawbacks.

Figure 2.6 presents the schematic of a smart-power router-based DC house nanogrid. The smart-
power router acts as a multi-port power processor integrating different sources, storage, grid, and
household loads. The smart power router is responsible for multiple functions like controlling the
charge/discharge of the batteries, MPPT control of PV panels, grid islanding/reconnecting, DC bus
voltage regulation, etc. Due to its centralized nature, the need for real-time communication for low
to high-level control actions is eliminated in the proposed nanogrid structure. The advantages and
disadvantages of the smart-power router-based DC nanogrid are highlighted below:

Advantages

1. Decoupled from the microgrid: The smart power router has an integrated grid-interface which
dynamically decouples the nanogrid from the microgrid. Therefore, it has all the advantages of
the DC house concept with a grid interface.

2. No need for communication: The proposed DC nanogrid concept is centralized in nature, which
integrates the individual source/storage converters into one physical, electronic entity. Thus, the
proposed configuration obviates the need for communication between different sources/storage.

3. Ease of co-ordinated control and protection: Co-ordination between sources, storages, and
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Figure 2.8: Proposed centralized smart-power-router based DC household nanogrid architecture.

loads is much simpler due to the centralized nature of the smart power router-based DC nanogrid
concept. Additionally, protection and selectivity are also easier as only well-defined parts of the
subsystem have to be taken into consideration.

4. Simpler stability conditions: The overall nanogrid stability condition is simpler to achieve as
there is only one main component opposed to multiple decentralized converters used in the
previous concepts.

5. Medium installation cost: The overall system cost can be reduced by intelligently combining
multiple sources, storage converters into one main component able to perform all the major
functions, and more.

Disadvantages

1. Low reliability: An inherent drawback of centralized architectures is the single point of failure,
which decreases the overall reliability and availability of the system. However, the reliability can
be improved by the innovative design of the smart power router internal architecture.

2. Low scalability: The expandability or scalability of the proposed smart power router DC nanogrid
concept is not very straightforward. Especially in the case of residential household applications, a

30



2.7. Conclusion

Table 2.5: Comparison of different DC home architectures

Architecture
Category Function Decentralized Centralized
With interface | Without interface | Smart-power router
Stability ++ + +4++
Control | Grid-support capability +++ + +++

Co-ordinated control ++ + +++
Energy efficiency + +++ ++
Availablity ++ ++ ++

Hardware | Flexibility ++ + +4++
Scalability ++ +++ +
System cost + +++ ++

consumer must be able to integrate new appliances without facing overloading issues. Therefore,
the design of the smart power router needs to be modular to incorporate scalability.

Fundamentally, the proposed centralized smart power router-based nanogrid seems like an anti-thesis
to the goal of forming a universal decentralized smart grid. However, on close inspection, it is evident
that to realize a stable, robust, flexible, decentralized smart DC microgrid, we need to maximize the
functional abilities of individual nanogrids. Since nanogrids are inherently small in terms of physical
size, a centralized internal architecture improves the overall operational capabilities of the nanogrid
without accentuating the inherent drawbacks of a centralized system. Therefore, the smart power
router-based DC nanogrid is a promising architecture for future residential households. Table 2.5
shows a qualitative comparison of the proposed smart power router-based DC nanogrid to the previous
decentralized DC home architectures.

2.7 Conclusion

In this chapter, the internal architecture of future household nanogrid capable is conceptualized with
the goal of playing an essential role as an active agent in building a robust universal DC smart microgrid.
To that end, critical functionalities required of such a nanogrid are identified, which includes control
functions like ensuring system stability, co-ordination between different nanogrid elements, and grid-
support capability based on price signals and hardware functions like energy efficiency, availability, and
reliability, cost-effectiveness, and scalability. The current AC based household architecture is evaluated
in the above metrics to test their suitability as a nanogrid module in a smart grid. However, their overall
performance is sub-optimal due to their low energy efficiency, flexibility, and grid-support capability.

As an alternative, DC-based household nanogrid is presented. DC-based nanogrids offers potentially
superior energy efficiencies as most renewable generators, storages, and appliances are inherently DC
in nature. To that end, several DC pilot projects are reviewed in terms of their architecture and voltage
levels. Several existing DC system architectures for integrating PV, EV, storage, and loads are compared
based on scalability, flexibility, availability, and robustness. The advantages and disadvantages of
different architectures are analyzed in detail.
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Based on the analysis, a smart power router-based DC system architecture that integrates PV, battery
storage, grid in a multi-port power processor is selected for future household grids. In conclusion,
a centralized nanogrid architecture is capable of performing all the functions necessary to realize a
robust, available, efficient decentralized smart grid. In the next chapter, the design and development of
the proposed smart-power electronic router are presented.
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] Smart Power Router for DC Residen-
tial Nanogrids

A smart power router based future DC house concept is introduced in this thesis. Main functionalities
of the power router or DC grid manager are fast control, integration of renewables and storage, power
management, demand response based on price signal, and islanding mode capability. Thus, the goal of
this chapter is to develop and design a multi-port power converter as the smart power router for the DC
house. The multi-active bridge (MAB) converter is selected as the toplogy for the smart power router.
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Chapter 3. Smart Power Router for DC Residential Nanogrids

Based on:

1. "A Multi-Active Bridge Converter with Inherently Decoupled Power Flows," in IEEE Transactions
on Power Electronics, vol. 36, no. 2, pp. 2231-2245, Feb. 2021 DOI: 10.1109/TPEL.2020.3006266.

2. "Decoupling control of Multi-Active Bridge Converter using Linear Active Disturbance Rejection”
in IEEE Transactions on Industrial Electronics, 2021 DOI: 10.1109/TIE.2020.3031531.

3.1 Introduction

In Chapter 2, a smart power-router based nanogrid concept is introduced as a promising architecture
for future DC smart homes. The concept of 'smart power router’ as a flexible interface of the different
areas (cells) has been proposed previously for AC based active distribution networks (ADNs) grids [1].
In this thesis, the similar concept is used for DC low-voltage distribution grids and realized using a
multi-port power electronic converter. The internal architecture of the proposed nanogrid and its
integration to the DC utility microgrid is shown in Figure 3.1. The smart power router acts as the
backbone of the DC nanogrid performing multiple hardware and control functions resulting in a safe,
efficient, and robust operation.A multi-port power electronic converter is designed and developed in
this chapter to serve as a smart power router.

Functions of a smart power router

As a smart power router, the primary purpose of the multi-port converter (MPC) is to integrate multiple
sources/storages with different voltage and current ratings into a single power stage, allowing bi-
directional power flow each port. Apart from bi-directional power flow, specific components like
integrating electric vehicle (EV) also require galvanic isolation between the different ports for safety
reasons. Further, the MPC is entrusted with the operation of the local renewable generation, load
shedding, utilization of the static or mobile battery energy and other power management functions,
as well as nanogrid stabilization and advanced, active islanding in the event of outages or other
disturbances on the utility side. Finally, the MPC is expected to support the "weak" DC microgrid
during congestion enabled by the utility operator’s price tariff incentives.

Literature review

Many different multi-port power converter topologies that integrate photo-voltaics (PV), storage, and
grid systems have been proposed in the literature. The topologies can be divided into categories: (a)
non-isolated topologies, and (b) isolated topologies. Non-isolated topologies combine the single source,
storage, or load converters via a common DC link [2-5]. On the other hand, isolated topologies combine
the individual converters via one or more transformers. Therefore, isolated MPCs incorporate galvanic
isolation and boost/buck functionalities using the transformer turns ratio. However, non-isolated
MPC topologies are more efficient as there are fewer loss mechanisms compared to transformer-based
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Figure 3.1: A smart power router based DC household nanogrid capable of integrating renewable sources, static
or mobile battery storage, and supporting the utility DC microgrid.

MPCs. Figure 3.2 highlights a general classification of different multi-port converter families [6]. In
this thesis, the isolated MPC family is selected as the focus for the search for a smart power router. The
isolated multi-port converter family can be divided into two categories depending on the number of
transformers: (a) multi-winding transformer-coupled MPC [7, 8], and (b) multi-transformer coupled
MPC [9].

Multi-active bridge (MAB) converter

One of the promising topologies in the multi-winding transformer-coupled MPC family is the multi-
active bridge (MAB) converter. The MAB converter consists of multiple inverter bridges (half-bridge
or full-bridge) connected via a high frequency (HF) multi-winding transformer (7, 10, 11]. Derived
from the dual-active bridge (DAB) converter family [12], the MAB converter not only integrates and
exchanges the energy from/to all ports, but also provides full isolation among all ports and matches
the different port voltage levels. Additionally, the MAB converter realizes bidirectional power flow
by adjusting the phase-shift angle between the high-frequency AC voltages generated by the inverter
module at each port. Figure 3.3 shows the topology of a generic n-port MAB converter.

A key challenge in the design and control of the MAB converter is the inherent cross-coupling of power
flows between ports due to the inter-winding magnetic coupling of the transformer. Therefore, the MAB
converter behaves as a multi-input multi-output (MIMO) system with coupled power loops, which is
difficult to control. Thus, they inhibit the scalability of the number of ports in MAB converters and
reduces their applicability.
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Multi-port Converter Topology
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Figure 3.2: Classification of Multi-port converter topologies
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Figure 3.3: Topology of a Multi-active bridge (MAB) converter.
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Contributions

This thesis proposes two solutions to the inherent coupling problem: (a) hardware solution, and
(b) control solution. The proposed methods decompose the multivariable coupled control system
into a series of independent single-loop subsystems. As a result, high bandwidth for each control
loop and rapid dynamic response can be achieved independently. Besides, due to simple control
requirements, this configuration enables the scalability of the number of ports without increasing any
control complexity. A 2 kW, 100 kHz, Si-C based prototype of a four-port multi-active bridge converter
or a quad-active bridge converter (QAB) is built and successfully tested in this thesis. The experimental
results confirm the theoretical analysis and show the inherent decoupling and fast dynamic response.
In summary, compared to existing literature, the main contributions of this work are:

1. Develop a generic Thevenin-Superposition based analytical power flow model for multi-active
bridge (MAB) converters.

2. Introduce a hardware-based solution to the inherent coupling problem of MAB converters
without adding extra hardware.

3. Derive design thumb rules to achieve near decoupling using an asymmetrical distribution of
leakage inductances.

4. Introduce a distributed decoupling control strategy to solve MAB converters’ inherent coupling
problem using minimal system information.

5. Provide experimental validation of the proposed decoupling approaches in a four-port MAB
converter prototype.

6. Present an in-depth analysis of the distribution of losses in the proposed asymmetric four-port
MAB converter with experimental validation.

Chapter outline

This chapter is organized into six parts. The MAB converter’s theory, along with the analysis of the power
flow coupling, are reviewed in Section 3.2. Section 3.3 presents a hardware solution to the coupling
problem of MAB converters along with an in-depth study on the limits of decoupling strategy. A control-
based solution, the MAB coupling problem, is presented in Section 3.4. Simulations are performed on a
four-port MAB converter or a quad-active bridge converter (QAB) to validate the theoretical claims in
Section 3.5. Section 3.6 analyze the experimental results on the QAB converter laboratory prototype.
Finally, general conclusions are summarized based on the analysis and the results.

3.2 Analysis of Multi-active bridge (MAB) topology

3.2.1 Operational theory and equivalent circuit

Figure 3.3 presents the topology of an n-port MAB converter comprised of n full-bridge modules
magnetically coupled via an n-winding HF transformer. A star-equivalent model is used for analysing
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the operation and switching conditions of the MAB converter as shown in Figure 3.4. The ports of the
MAB converter are replaced by rectangular voltages sources in the equivalent circuit. For convenience,
the magnetizing inductance Ly, the leakage inductances L,k and the generated AC voltages and AC
currents are referred to port #1:

’ Nl . Nk . ! Nl z
Vk = ﬁka, lTk = MZTk, L(Tk = ﬁk LO’k 3.1)

The expression for voltage at the star-point (V) is obtained by applying theory of superposition to
estimate the Thevenin voltage contribution of all the ports:

n -1
n (Z#)

j=1j#i Loj
Vi = ———V, (3.2)
i=1 L’-+( 5 +)
T =1 Lo

Therefore, the current slopes of the transfomer windings of the MAB equivalent circuit can be expressed
as the following:

dn _Hoh (3.3)
dt 1 '

oi

The actual transformer currents can be obtained by integrating (3.3) over a switching period. The shape
of the transformer currents is dependent on the type of modulation strategy used to modulate the
star-point voltage V4. Classically single phase-shift modulation strategy (SPS) is applied to most MAB
converter solutions [10, 13]. According to the operating principles of SPS modulation, the MAB bridges
generate the square-wave voltages V; with a 50% duty cycle, and the phase shift between the driving
signals for the bridges determines the power magnitude and direction. Figure 3.5 shows the idealized

Figure 3.4: Star-equivalent model of a MAB topology.
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transformer waveforms of a four-port MAB converter with SPS modulation strategy assuming unity DC
conversion ratios. The expressions for the effective inductance between the ports and the power flow
are derived in the upcoming scetion.
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Figure 3.5: Idealized steady-state switching waveforms for unity-DC-conversion ratios and equal leakage induc-
tances of a four-port MAB converter or a quad-active-bridge (QAB) converter.

3.2.2 Power flow and link inductances

MARB converter is a natural extension of the dual-active bridge (DAB) converter introduced in [12]. A
DAB converter can be considered as a MAB converter with two active ports. Therefore, the power flow
equations derived for DAB converters can be extended to a MAB converter. The cycle-to-cycle average
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power transferred between port #i and port #j of a MAB converter is given by:

[pijl
¢ij(1— ﬂ) bij = pi — 3.4

/A

Vi/ ‘/j’
i 27 fs Lij

where Vi’, Vj' are the port DC voltages; L;; is the equivalent inductance between ports #i and #j; fs is the
switching frequency; ¢;; is the phase-shift between the two square wave voltages at the corresponding
transformer terminals. It is evident from (3.4) that to compute the power flow between ports #i and #j
the equivalent inductance (L;) between two ports need to be calculated.

The star-equivalent circuit of MAB converters is already introduced in the previous section. However,
the effective inductance between two ports is not readily obtained from the star representation. To
that end, a delta MAB equivalent power flow model (see Figure 3.6) is built to analyze the power flow
between the MAB ports. The MAB delta power flow model represents point to point DAB power flow
between any two ports of an MAB converter. The computation of the effective link inductance between
two MAB ports in the delta power flow model is presented next.

The Thevenin-equivalent inductance between any two ports #i and #j represented as L;; is obtained
by applying the theory of superposition on the star-equivalent MAB circuit. Thus, the voltage sources
except the considered ports are shorted, resulting in the circuit shown in Figure 3.7a. The Thevenin
inductance (Lt x) between the rest of the circuit and the star-point is the parallel combination of
leakage inductance of the remaining ports and the transformer magnetizing inductance:

: 1 & 1\t e 1)t
Lypy = (T + 2 r_) = ( > ,—) (3.5)
Ly k#i,j Ly k#4,j Loy
Furthermore, it is assumed that the transformer magnetizing inductance is significantly higher than
the leakage inductances of the port windings. The Thevenin equivalent AC voltage Vry x at the star port

Figure 3.6: Delta power flow model of MAB converter topology.
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Figure 3.7: (a) Thevenin-equivalent impedance of the rest of the ports with the voltage sources short-circuited, (b)
obtained thevnin-equivalent circuit of port #i with respect to star point x with the thevenin voltage contribution of
port #j.

can be obtained as the superposition of voltages from ports #i and #; :
’ L’ ”L/ ’ L’ j "L:fH ’

= | )Vi - (—”’ - )Vj (3.6)

Loi + Loi ||LTH,x L + L ||LTH X

Since the active power transfer from star point x to the ground is zero, the active power transfer between
port #i and port #j is equal to the active power transfer between port #i and star point x resulting the
DAB equivalent circuit between port #i and star- point x as seen in Figure 3.7b. Therefore, applying the
DAB power flow equation (3.4) between V and V. TH , the active power can be written as:

V
Py = —j -

27 fsL;

: b
TH,x ( by ) 3.7)
Further, it must be noted that while computing the power flow between port #i and star point x, the

voltage contribution of Vi' in VTH . would not result in active power flow since it is in phase with itself.

Therefore, substituting only the contribution of VJ./ in (3.6) into (3.7), the generic power flow equation
between two ports in a MAB converter can be derived as:

A% b
Py = o ¢u(1——”) (3.8)

L .L n
2 fi| Ly + Ly + o ‘”)
TH,x

Therefore, comparing (3.8) to the DAB power flow form (3.4) and combining with (3.5), the link induc-
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tance Lj between ports #i and #j can be formulated as:

NA, Vi=j

Lij = ! ! ! ! n 1 . .
LUi+LUj+LUiLUj(k5jL’_ , VIF]
ok

(3.9

3.2.3 Dynamic model and control of MAB converter

The power flow between any two ports in a MAB converter is presented in equation (3.8). Based on
the equation, the power flow can be controlled by: (a) the phase-shift angle ¢;; between the square
wave voltages, (b) the switching frequency fs, and (c) the port voltages V; and Vj which can be altered
by the pulse-width of the square wave voltages. Among the possible solutions, the single phase shift
modulation (SPS) is considered to be the simplest as both the magnitude and the direction of the power
flow can be controlled by the single variable phase-shift angle ¢;; [13]. Additionally, a hybrid approach
of both phase-shift and duty-cycle modulation can be employed to achieve soft-switching and thus lead
to the higher efficiency of MAB converters [14]. Since the goal of this thesis is to investigate the power
flow decoupling of the MAB converter, single phase-shift modulation is considered as the modulation
strategy. The MAB control formulation and the dynamic modeling of the converter are discussed in the
following.

For controlling a generic n-port MAB system, (n-1) degrees of freedom [¢;, i€ (2, n)] are available as the
control variables. Based on the application, different control objectives can be set at different ports of
the MAB converter. For example, the port current will be the control objective for the port connected
to a battery. On the other hand, ports connected to sources like photo-voltaic (PV) panels or loads,
voltage regulation will be the control objective. For simplicity, the port currents are considered as
control objectives in this thesis. This approach is sufficient to analyze the power flow coupling of MAB
converter systems without loss of generality.

Analyzing the controllability of the MAB system requires a small signal model describing the relationship
between the control inputs and outputs. Generally, state-space averaging technique is used to model
the dynamic behavior of DC-DC converters [15, 16]. However, in the case of isolated DC-DC converters
like the MAB converter, one of the state-variable is the transformer current, which does not satisfy the
small-ripple approximation [17-19]. Since the power flow coupling can be analyzed by low-frequency
dynamics, the influence of the high-frequency leakage inductor dynamics of the transformer can be
neglected [10, 14, 20]. To that end, an approximate control-oriented small signal system model can be
derived by linearizing the system at a DC operating point. The currents at different ports of the MAB
converter before the DC side filters, as shown in Figure 3.3 can be expressed in equation form in the
following:

ifp=—= , Vie(l,n 3.10
RS v (1,n) (3.10)
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Combining (3.10) with (3.4) the following expression for the i port current is obtained:

. i Y Fos), Vied,n) (3.11)
IFi = —_— i), te(l,n .
N sl

where f(¢p) is a non-linear function of the control variables defined as following based on power flow
equation (3.8):

il ) 3.12)
T

F(@yy) = f(pi—¢p)) = ¢ij(1 -
Since the state variables or port currents are a non-linear function of the control inputs, the system
needs to linearzied at a DC operating point. The nominal plant is assumed to be lossless, and only the
predominant dynamics associated with the filters at the DC side of each port have been considered
herein. The Taylor series expansion of above port currents at an operating point A is:

Ii = Lia+ALia (3.13)
n
ALa=) GjA¢i,  Vie(,n) (3.14)
j#i
Oia e a,n) (3.15)
i=—— 1 ,n .
1 oy

Since it is always the phase shift between ports enable the power transfer, in order to simply the control,
the phase of port 1 can be fixed to be zero. Therefore, the small signal gain matrix of the MAB converter
can be expressed as:

[AL] [Ga Ga .. .. Ganl [Ag:]
Alg G32 G33 e ng Ad)g
Al = . _ . . I . : —GA (3.16)
AL G Gis .. .. G Adp; ¢
[AL| |Gn2 Gus - . Gun) |A¢n)

where, the expressions of the gain elements Gj; V[, j] in the matrix can be expressed as:

Vi 2|hia—
n Vpa (1 _ 2ldia—Ppal ), Vi j]
Gy = { P71 2k . (3.17)
J Via 2|ja — Pial .. '
- 1- ) Vi # jl
27 fs Lij

Since Gj; Y[i, j] are all non-zero entities, the resulting control input to output gain matrix G becomes a
non-diagonal matrix. The ratio of the non-diagonal terms G;; V[i # j] to the diagonal elements of the
gain matrix G represents the degree of cross-coupling between the individual control loops [21]. This
concludes the mathematical analysis to quantify the power flow coupling of MAB converters.
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3.2.4 Decoupling control of MAB converter: conventional approach

The mutual interaction can be eliminated by using a special pre-compensator or decoupling network
which decomposes a multivariable control system into a series independent single-loop subsystems.
Thus, the system can be controlled via independent loop controllers. This is known as the conventional
decoupling control (CDC) for MAB converters [14].

To achieve independent control loops, the effective input to output gain matrix X needs to be a diagonal

matrix:
X2 0 0
X=GH=|0 x3 0 (3.18)
0 0 X4

Therefore, the decoupling network can be designed as :

Hy, Hyz Hps
H=|Hs, Hs3 Ha| =G'X (3.19)
Hy, Hyz Hyg

For every operating point, the small signal transfer function matrix of the converter G is only a constant,
i.e., no pole or zero is involved since the inductor dynamics are already neglected, and so does the
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o L P
2, G,.(s)
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<
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2
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v
i»z ik3 Védm
G,_.(s)

Figure 3.8: Conventional decoupling control (CDC) of MAB converter with a pre-compensator decoupling
network H. The gains of decoupling matrix are pre-calculated and stored as look-up table for optimal decoupling
performance.
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decoupling network , which is the inverse matrix of the plant matrix G. Therefore, based on the operating
point, the elements of the decoupling matrix H can be calculated in advance and be stored as lookup
tables.

3.3 Decoupling control of MAB converters: hardware approach

A modified configuration of the MAB is proposed and described in detail in this section, which in-
herently decouples inter-port flows. The small-signal model developed in Section 3.2.3 is applied
to investigate the degree of the cross-coupling associated with the proposed configuration. Finally,
a qualitative comparison between the proposed solution and the existing solution reported in the
literature.

Section 3.2.4 showed that the inter-port MAB power flow is dependent on the leakage inductance
associated with the individual ports. The leakage inductances can be realized by incorporating them
into the design of the multi-winding transformer. This approach, however, results in higher losses in
the transformer. As a result, the leakage inductances are realized by adding external inductors to the
windings of the transformer, resulting in higher design flexibility [10, 14]. Figure 3.9 presents the star
equivalent model of the proposed MAB configuration based on external leakage inductors. Compared
to the conventional MAB configuration (see figure 3.3), an external leakage inductor of one of the ports
is omitted. This port is referred to as the 'master’ port and all other ports are referred to as the 'slave port’.
Depending on the application, a stiff-voltage source like a grid or a battery should be connected to the

i1 L,1 =0

W1

Figure 3.9: Star equivalent circuit of the proposed MAB converter configuration with port #1 as the
master port, i.e Ly; = 0.
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Figure 3.10: Idealized steady-state switching waveforms for unity-DC-conversion ratios and equal link induc-
tances of the proposed four-port MAB converter.

master port. Since the leakage inductance of the master port transformer winding is significantly lower
than the slave ports, it essentially regulates the voltage across the magnetizing impedance transformer,
thus decoupling the power flow between the slave ports. However, the 'master’ port leakage inductance
is not zero in practical applications. The winding of the transformer linked to the master port has its
own leakage inductance. A sensitivity analysis of the 'master’ port leakage inductance on the dynamic
decoupling performance of the control loops is conducted in Section 3.5.2.

3.3.1 Equivalent circuit and waveforms

Figure 3.9 shows the star-equivalent circuit of the proposed configuration. Similar to the analysis
presented in Section 3.2, the voltage at the star-point (V4) and the current slopes of the transfomer
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windings of the proposed MAB converter can be expressed as the following:

V=1 (3.20)
dii, W-V

—n_ N viepn 3.21)
dr L

oi

The inductor currents of the ports of the proposed MAB converter can be obtained by integrating (3.21).
Figure 3.10 shows the idealized waveforms of a four-port MAB converter with a null-leakage inductor
at port #1. Comparing the waveforms in Figure 3.10 to the conventional MAB converter waveforms
in Figure 3.5, it can be observed that the shape of the slave port inductor currents (i’Tz,i/TS,i/M) are
trapezoidal in nature similar to DAB converter. However, the master port inductor current (i) is not
trapezoidal since it is a superposition of the all the trapezoidal slave port inductor currents.

Since the slave port transformer currents are essentially similar to that of DAB converters, all modulation
strategies applicable to DAB converters like trapezoidal modulation (TZM), triangular modulation
(TRM), and hybrid methods can be applied to improve efficiency. Additionally, the soft switching
boundaries of the ports are independent of the operating points of the other ports. Therefore, it
is easier to design duty-cycle based soft-switching control of the proposed low leakage port MAB
Configuration [14, 22].

3.3.2 Linkinductances and power flow

The proposed MAB configuration is a special case of the conventional configuration with the leakage
inductance of the master port reduced removed. Re-writing the link inductance expression Lj; of (3.9)
with selecting port #1 as the master port, i.e Ly; = 0:

NA,  i=j
L., i=1j#1

Ly={ 7 ] (3.22)
Lai, i#£1,j=1

0o, i#LjELi#]

Therefore, the generic power flow equation for the proposed configuration can be subdivided into two
cases: (a) power flow equation between the master port and any slave port, and (b) power flow between
any two slave ports:

0, i#1,Yje2,n]
0, J#ZLYi€e2,n]
V/V' |bis)
Py =+ ;%(1_ by ) i=1,Vje2nl (3.23)
27 fs L b/
V.V, )
) ij(l—@), j=1LVYie[2n]
27 fs Lij b4

Based on the power flow equation derived for the proposed MAB configuration, a small signal model is
developed in the following section.
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3.3.3 Small signal model and controllability

The pre-filtered currents at different ports of the proposed MAB converter can be expressed in equation
form in the following:

n
> Py

J#i .

ip = Ti' i=1 (3.24)
E i#1,iVe(2,n]
‘/i ’ ’ ’

Combining the above equations with the power flow equation (3.4), they can be expressed as the
following:

z'2nf flpi—¢p, i=1
isi = 7 (3.25)
(b1 — i), Vie[2,n]
27 fsp,; T@r=i

Since the port #1 is selected as the "master" port, it acts as the slack bus and the phase shift of this port
is fixed at 0. The phase shifts of the slave ports are used to control their respective currents. Linearizing
the system at a certain operating point A, and applying the Taylor series expansion of above port

currents as carried out previously in (3.13) - (3.15) the small signal gains from input (¢3, ... , ¢n) to
output (i, ... , in) can be derived as following:
0, V(i # j]
G = \% 2|pia— (3.26)
ij A () |piA — Pl Vii=jleRnl
27 fs Lgi b4

Therefore, the small signal gain matrix of the proposed MAB converter configuration can be expressed

as:
[Ain] [Ge O .. .. 0 ][A¢p:
Ai3 0 Gs3 .. .. 0 ||Agps
Al : _ : : . . : : —GA 3.07
! Aij 0 0 . Gj 0 Ap; ¢ ( )
[Ain] |0 0 . . Gul [A¢n

It can be observed that the small-signal gain matrix of the proposed configuration is a diagonal matrix
with all the non-diagonal elements approaching zero. Therefore, there is no cross-coupling between the
control loops. Compared to existing solutions for the power flow decoupling in literature, the proposed
MAB configuration has several advantages. The main advantage of the proposed topology is that it is
essentially decomposing a tightly coupled MIMO network into multiple independent SISO systems.
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3.4 Decoupling of MAB converters: control approach

In this section, a control strategy known as active disturbance rejection control (ADRC) is introduced
as a solution to decouple the control loops in MAB converters. ADRC belongs to the class of control
algorithms designed to control systems with uncertainities and disturbances [23]. In essence, ADRC
uses an observer to track disturbances in real-time and actively compensates for it. Therefore, it has
found use in a wide range of industrial application like mechatronics, chemical or process, aerospace
etc. which require robust control for higher reliability [24-26]. In general, ADRC is used in removing
disturbances in single input-single output (SISO) systems. However, the versatility and flexibility of
ADRC has led to its utilization for multi-variable decoupling control for non-linear multiple-input
multiple-output (MIMO) systems [27-29].

3.4.1 Fundamentals of ADRC

To explain ADRC, an approximate second order plant is considered in the following form:

j=—ay—ay+w+bu (3.28)

where y is the output, u is the input, and w is the disturbance term which can be a combination of
external and internal factors. The second-order plant can be re-written as the following:

j=—ay—ary+w+(b—bo)u+byu
=f(t,y,7,w)+bou (3.29)

where the lumped term f(t, y, 7, w) represents the combination of internal dynamics —a; y—a,y + (b —
bp) u and the extrenal disturbance w. The term by takes into account the possible disturbances coming
from the input signal. It is approximated from nominal values of the energy storage elements in the
plant equation.

ADRC principle stipulates that if the lumped disturbances represented by f(¢,y,y, w) can be esti-
mated (or observed) in real time, they can be actively compensated without the need for a mathematical
model. To that end, a linear extended state observer (ESO) is built to observe the states of the system
including the disturbance in real time.

ESO Observer Design
To observe the second order plant in (3.29), the following states are defined:
xl:yv x2:J7» x3:f(tryvyyw) (330)

Additionally, we assume that the dynamics of the disturbance term h = f(t, y, 7, w) is bounded. There-
fore, the state space form becomes:

x=Ax+Bu+Eh
y=Cx (3.31)
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0 1 0
where the state-space matricesare A=| 0 0 1 |,B=[0 by 0f,c=1 0 0,andE=[0 0 1 .
0 0 O

A standard linear Luenberger observer can be designed based on this system:

z=Az+Bu+L(y-7)
7=Cz (3.32)

where L= [ B2 B3] is the observer gain and z is the observer estimate for the system states x. Using
bandwidth parameterization [30], the gains of the observer can be chosen as:

B1=30w, B2=30> P3=0 (3.33)

where w, is the bandwidth of the observer. Higher the w,, faster the observer. However, in practical
implementation, the observer bandwidth is limited by hardware constraints like sensor noises and
sampling rates. Since the lumped disturbance is defined as a state, this is also known as extended state
observer (ESO).

Control law

Once the observer is well tuned, the outputs can track the y, y and the lumped disturbance term
f(t,y, 7, w) via the terms z, 23, and z3 respectively. Hence, ADRC actively compensates the influence
of the disturbance term by cancelling the z3 term of the ESO. The control law can be formulated as the
following:

_ Upg — 23

=—— .34
u by (3.34)

which effectively reduces the second order plant as described in (3.29) into:
y=up (3.35)

which is a straightforward control problem to solve since the steady state error is zero. A simple PD
controller of the following form is sufficient:

Upg = kp(r — Zl) — kd22 (3.36)

The ADRC controller schematic for a second-order plant is shown in Figure 3.11. However, this approach
is not exclusive to second order systems. With few modifications it can be applied to first-order systems
as well. In case of first-order plants, the derivative term j is absent in the lumped disturbance term
f(t,y,7, w). Thus, the ESO observes only the state y and the disturbance term. Hence, a proportional
controller is sufficient in ADRC control design of first-order plants.
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Controller

Extended
State
Observer

Figure 3.11: ADRC controller schematic of a second-order plant.

3.4.2 ADRC formulation of QAB converter

Conventional control methods to decouple MIMO interactions like traditional feed-forward compen-
sator [14] require detailed understanding of the term term f (¢, y, y, w) before the control design can be
carried out. Classic ADRC approach observes the lumped disturbance to a system and actively com-
pensates for it in real-time. Therefore, ADRC can be used as decoupling control of a MIMO system like
multi-active bridge (MAB) converter by modeling the inherent coupling as an observable disturbance.
A SISO ADRC controller is then designed for each port of the converter. A four-port MAB converter or a
quad-active bridge converter (QAB) is shown in Figure 3.14.

The QAB converter comprises of four ports: three bi-directional voltage sourced ports, and a load
port consisting of a resistor in parallel with a capacitor. In the control system, there are three control
loops: two current loops for the bi-directional voltage sources in port #2 and port #3; and a voltage
control loop for the resistive load in port #4 with Rjy,4. This particular combination is selected as it
includes the two typical operation modes. Therefore, it is representative and generic. Designing SISO
ADRC controllers for each port requires information about the order of that port. The order of a port
is decided by the order of the DC side filter. Thus, current controlled ports ( #2 and #3) with LC filter
are second order plants and the RC load port is a first order plant. The ADRC formulation described in
Section 3.4.1 is applied to the individual port control loops of the QAB converter.

Current controlled ports

Port #2 and #3 are the current controlled ports in the QAB converter with LC filter. The ADRC for-
mulation of port #2 is shown here which is also applicable to port #3. Figure 3.12a shows the circuit
schematic of port #2 with the relevant filter current components. The ADRC modelling of a second
order plant as shown in section 3.4.1 is applied to this port. Applying KVL and KCL at the node O, the
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following inductor current and capacitor voltage dynamics are obtained:

diy .
szﬁ =VWpcz— Ve — i (3.37)
dVee
C =iy—1i
2=, 2 — IoF

=iz — (Goop2 + G233 + Goaps) (3.38)

where rp, is the lumped parasitic resistance of the LC filter. Differentiating (3.37) and combining
with (3.38) the following is obtained:

d?i, 1 dVep  mpdiz
d2 ~ Lp dtr  Lp dr
) rpp diz
=- IoCo [i2 — (Go2p2 + Ga3p3 + Goagpy)] — I dr
173 rp diz Go Gy G2
T LpCp Ly dr " LipCp st LiCrp (sz Cr bz'o)(l)z + baote
= fo(t,i2, I2, Wp) + ba,oh2 (3.39)

where f>(¢, 12, is, wyp) represents the combined disturbances due to internal dynamics and external
disturbances due to the inherent coupling of state i, with inputs of other ports ¢3 and ¢4. The term
b,y can be estimated by the following:

byog=—"""— (3.40)

where G22,0, L2 o and Cy, o are the nominal values of the parameters Gy, L, and Cp,. In theory, ADRC
is capable to rejecting uncertainities in estimating b, .

Based on the methodology introduced in section 3.4.1, an extended-state-observer (ESO) is designed

— MV o

Lez T2
Ak A A ek

2, 3
To Tran:foinncr & To 'l‘riln.:f(l“l(\rr “
Ceo Vde,2 C Cu §R1 d
— —
A EET
(a) (b)

Figure 3.12: Circuit schematic of QAB converter ports: (a) second order current control port #2 with LC filter, (b)
first order voltage control port #4 with only capacitor filter.
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to observe the disturbance f (¢, iz, i2, Wp):

{ e =[Ac—LcCdlzc+[Be  Leluc

Ye=2c

where z. = [zc1  2zc2 2c3]” is the observer output tracking io, iz, and f>(t, iz, i2, wy,) respectively. The

01 0

state space matricesare Ac=| 0 0 1 |,B.=[0 by 01T, C.=[1 0 0]. The input vector u is
0 0 O

[¢> i2]" and the observer gain vector is L = [3wo2 302, 03,17 where wo; is the observer bandwidth of

port #2.

Voltage controlled ports

The voltage of port #4 is regulated at a nominal value of Vp 10ag Which is a first order port. The current
and the voltage dynamics of the filter as shown in Figure 3.12b are as follows:

chf4
C =i4—1
Mg, 4 — I4F
VDG load
= —C — Guaths — Gazhs — Gaapa (3.41)
Rload

The goal of the controller is to control the voltage of the house load to a fixed value. It can be acheived
by an inner current loop combined with an outer voltage loop. Therefore, the load subsystem can be
formulated as an ADRC problem using the same methodology applied in case of the battery subsystem.

The first-order ADRC formulation of the filter dynamics of the load port is as follows:

dVpca _ Vbca 1
ds Ct4Rioad  Cia

1
(Gazp2 + Gy3¢p3) — — Gaapy
Cis

Wb 1 ( Gu )
= - -—(G + G —|—=—-p -b
CaRiowd  Ca (Gaopo + Ga3h3) Co 20 P4 — byoPy
= fa(t, Vbc,a, Wh) — baoPa 5.42)

where f4(¢, Vbc 4, wp) represents the combined disturbances due to internal dynamics and external
disturbances due to the inherent coupling of state Vpc 4 with inputs of other ports ¢, and ¢3. Similar
to by,0, the input gain term b, ¢ can be estimated by the following:

by = — (3.43)
Similar to the current controlled ports, an ESO is designed for port #4 to observe f4(¢, Vpca, wp):
{ &=[Av—LyCilzy+[By Ly

W=2y
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Table 3.1: ADRC formulation of QAB converter ports

System Schematic Governing equations ADRC Formulation
Order 8eq V f by

it

L fi= Upcd _ (Gaapo+Gazps)
CiaUct = ig = I4F Vs | 747 CuRigaa Cn Gaao
c

JE}J

- | igp = Gaap2 + Gz 3 + Gaady ((c;_ﬁ = Ty )94 e

PN

be s i2 T2
Ji}J , Lipiz = Upc2 — Ucf2 — I2i2 fz__L%Cf I G
To Trangorme . e el 22,0
2 = wt L CppUctp = i2 — Ipp 12 %ﬂ“d"‘) +. ToCizo
iop = G222 + G2z p3 + Goaha (-G _ Gz )
JEﬂI | “InCp ~ ToCro’ 2

E
¢
v

7

}
]‘

where z, = [zy1  zv2]T is the observer output tracking Vpc 4, and fi(t, Vb4, wy) respectively. The state
1
0 0

the observer gain vector is L = [2w4 a)g 4]T where w4 is the observer bandwidth of port #4. Table 3.1

space matrices are Ay = , Bc =[bayp 01T, C.=[1 0]. The input vector u is [¢4 VDC,4]T and

details the governing equations and the equivalent expressions of the ADRC parameters (f, by) of the
QAB converter ports.

3.4.3 Controller design

Well-tuned observers can track the coupling disturbance terms (f>3,4) in the system dynamics of the

Uiz — Uiz — Uys +
QAB converter ports. Thus, the control inputs of ¢, = i2 = J2 , 3 = i3 = J3 ,and ¢4 = V4—f4, reduces
b2, bs,0 b4,
the the individual port dynamics to:
I»=Uip, I3=1Uz, Upca= U (3.44)

All the above systems have no steady state error and therefore can be easily controlled by a P controller
or a PD controller depending on the system order. Hence, the control laws for the current loops and the
voltage loop can be written as:

Ui = kpc(re — zc1) — kpczez (3.45)
Uy = kpy(rv — 2v1) (3.46)

where k;, kq are the proportional and the derivative gains of the controllers. Based on the formulation
presented till now, the ADRC decoupling control schematic of the QAB converter is shown in Figure 3.13.

The open loop transfer functions of the individual systems along with the controllers can be expressed
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Figure 3.13: Active disturbance rejection decoupling control (ADRC) schematic of QAB converter.

as:
kpe + sk
Govi = PCS—ZDCe—ST (3.47)
k
GoLy = %e‘” (3.48)

where e~*" is the inherent delay associated with practical implementation of the system. For digital
controllers, the time delay 7 can be represented as T = 1.5T;, where T is the sampling period of
the controller. Neglecting the delay term in the open-loop transfer functions, it is evident that the
systems are inherently stable since the phase is not crossing -180°. Further, considering the delay, the
gains (kp, kq) can easily be tuned to make sure the gain of the transfer function is below 0 dB when the
phase is crossing -180°. Therefore, using ADRC controllers, system stability is relatively easy to ensure.
However, it must be noted that the choice of the control gains is limited by the observer bandwidth due
to hardware constraints like sampling frequency and sensor noise.

3.5 Simulation results

Simulations on a four-port MAB converter or a quad-active bridge (QAB) converter are carried out and
analyzed in this section to validate the theoretical considerations presented in the previous section.
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Initially, the QAB converter specifications and control strategy considered in the simulation are dis-
cussed. The selected simulation package is MATLAB/Simulink augmented with the PLECS blockset. A
detailed analysis of the results obtained from the simulations is presented at the end of this section.

3.5.1 QAB converter specifications and control strategy

The QAB converter schematic used for the simulation study is presented in Figure 3.14. The converter
is comprised of four ports: three bi-directional voltage ports, and a load port consisting of a resistor
in parallel with a capacitor. The voltage sourced port #1 is used as the "master port" as introduced in
Section 3.3 which acts as the slack bus of the multi-port converter. Table 3.2 presents the simulation
parameters of the different ports of the QAB converter. The base inductance Ly,se Value is obtained by
using the maximum power flow equation between two ports of a MAB converter when ¢y = g resulting

in the following expression:

V2
Prated = —2ted (3.49)

8fSwLbase
Using the values of switching frequency, rated power and rated voltage from the QAB converter
specifications in Table II in revised manuscript,the base inductance Ly, results in 25 pH.

In the control system, there are three control loops: two current loops for the bi-directional voltage
sources in port #2 and port #3; and a voltage control loop for the resistive load in port #4 with Rjgaq =
35Q.

3.5.2 Results: hardware decoupling

Therefore, the voltage source in port #1 acts as the "master" port or the slack bus. Simple phase
shift control is used to control the QAB converter. Figure 3.15a shows the block diagram of the QAB
control system. The PI controller for the voltage loop is designed to be slower than the current loops to
investigate the interactions between the individual loops. For the current control, a crossover frequency
of 1.5 kHz is selected, while for the load voltage control only 10 Hz is chosen as shown in the open loop
Bode plots Figure 3.15b and Figure 3.15c. The small signal gain matrix for MAB converters derived

Table 3.2: QAB converter specifications for hardware decoupling

.. . Port

Description Symbol Unit #1 % 43 44
Voltage rating Viated \% 200 200 200 160
Current rating Lated A 10 10 10 10
Leakage inductance Ly pu 0/1 1 1 1
LC filter inductance Lg puH 3 3 3 3
LC filter capacitance Ce puE 500 500 500 100
Phase-shift angle range ¢ rad 0 -Jto7 -Zto7 Otoj
Switching frequency fsw kHz 100 100 100 100
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loads

—— Ricad

MV

Figure 3.14: QAB converter schematic for simulation. Port #1, port #2 and port #3 are connected with a voltage
source and port #4 is connected with an RC load.

in (3.16) can be re-written for the QAB converter:

Al Gao Goz Gosz| |Ag2
Aigp| = [G32 G333  Gza| |Ags (3.50)
Aigp G2 Gaz Gu| |Ady

where ijr (i € [1,4]) are the pre-filter currents of the DC ports. The dynamics of the DC port currents (ij)
can be obtained combining (3.50) with the transfer functions of the DC side filters of the QAB ports
which are defined as:

Ais Ais AVbca
Go(s)=——, Gsi(9)=——, Ggl(s)=—"FT=— 3.51
21(8) Ay 31(8) Al 41(8) Alur (3.51)
The goal of the simulations is to prove the the effectiveness of the proposed converter configuration in
terms of decoupling the power flows to gain precise and independent control on the individual ports.

To that end, two case studies are considered:

1. Case study I: load step in the resistive load port #4 to investigate the effect of the relatively slower
voltage loop on the faster current loops.

2. Case study II: simultaneous step change of current reference points in the current controlled
ports #2 and #3 to study the effect of the faster current loops on the efficacy of the voltage control
loop.

In addition, simulations were performed of various leakage inductances in the master port to test the
sensitivity analysis of the degree of the control loop decoupling. The simulations are carried out at the
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Figure 3.15: (a) Block diagram of the QAB control system with three control loops: port #2 current control loop,
port #3 current control loop, and port #4 voltage control loop; (b) open loop response of current control loops of
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following operating point: Pjoaq,4 = -700 W; P> = 800 W; P3 = -800 W. At this operating point, the QAB
converter acts in the 2 source-2 load configuration (2S-2L) with port #1 and port #2 as the sources and
port #3 and port #4 as the loads. The obtained simulation results are analyzed in the following.

Case Study I

The load step is realized by switching a resistor of R, = 130 Q across the existing load resistor Rjyaq-
Figure 3.16a presents the dynamic performance of the current loops and voltage loops of the ports
during the load step in the load port at a certain instant (t=0.11 s). It is noted that the voltage restoration
control during the load step has no major effect on the current loops in port #2 and port #3, which are
capable of holding currents at their set-points irrespective of the master port leakage inductance. As
the current loops are much faster than the voltage loop, they reject the interference independently of
the leakage inductance of the master port. However, the dynamic performance of the load port voltage
loop deteriorates with increasing leakage inductance in the master port which is observed in the 12.5%
drop of the nominal voltage when L, = 0.8 pu compared to only 7% drop when Ls; = 0.04 pu. The
increasing leakage inductance of the master port increases the effective inductance between the load
port and the master port, thereby reducing the plant control to output gain; G4 in the small-signal gain
matrix (3.50).

Case study I1

At a certain time instant (t = 0.04 s), the current reference point in the source port #2 is changed from
4A to 2A. Simultaneously, the current set-point in the load port #3 is changed from -2A to -4A. Similar
to the case study I, the simulations are repeated for different master-port leakage port inductances.
Figure 3.16b shows the dynamic performance of the current loops and voltage loop of the ports around
t=0.04 s. The port #4 bus voltage disruption during the current set-point adjustments in the current-
controlled ports is visible when the voltage drops by 24 V when the master port leakage inductance is
0.8 pu. Unlike the case study I, there is a significant interaction between the current and the voltage
control loops. The slow voltage loop is not capable of rejecting the interference caused by the current
set-points adjustments when the master port leakage inductances are 0.2 pu and 0.8 pu. However,
when the leakage inductance of the master port is 0.04 pu, the bus voltage disturbance is negligible.

The obtained simulation results can be explained by the analysis presented in Section 3.2.4. At the end
of the Section 3.2.3, it was inferred that the degree of cross-coupling of the control loops is directly
proportional to the relative value of the non-diagonal elements with the diagonal elements. To that
end, the small signal gain matrix of the QAB converter as shown (3.50) is normalized as the following:

Gy (Gu
Lo e
Grom = [IG2l 1 |G (3.52)
g2l 1gal 1
[eon [en

Figure 3.17 shows the area-plot of the normalized gain matrix Gporm at different values of the master
port leakage inductance. At Ly = 0.04 pu, the matrix is essentially a diagonal matrix with the non-
diagonal gain terms approaching zero. Nonetheless, as the leakage inductance reaches the base value of
1 pu, non-diagonal gain terms are increasingly comparable to diagonal terms leading to cross-coupling
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Figure 3.16: Transient response of port voltages and currents at different master port leakage inductances during:
(a) case study I: a load step on load port #4 by switching a parallel resistor ; (b) case study II: simultaneous changes
in the current set-points; 4A to 2A for i and -2A to -4A for i} . In both the case studies, port #1 acts as the slack bus.
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Figure 3.17: 2-D area plot of normalized gain matrix Gnorm as expressed in (3.52) with master port leakage
inductance Ly1: (a) 0.04 pu, (b) 0.2 pu, (c) 0.8 pu, and (d) 1 pu.

between control loops.

In addition to the gain matrix approach, a disturbance to the output bode plot can be used to study
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Figure 3.18: Open loop response of disturbance to control output: (a) current control variable ¢3 to voltage loop
control output Vpc 4, (b) voltage control variable ¢4 to current loop control output i3.

the effect of the master port leakage inductance on the decoupling performance. Figure 3.18a shows
the disturbance (¢3) to output (Vpc,4) bode plot for port #4. Similarily, Figure 3.18b depicts the
disturbance (¢p4) to output (i3) bode plot for port #3. All cases show that the low-frequency disturbance
to output gain decreases by approximately 20 dB as the master port leakage inductance decreases
from 0.8 pu to 0.04 pu. Therefore, when the master port leakage inductance is low (< 0.05 pu), the PI
controller gains of the individual control loops are sufficient to reject the cross-loop intereference. It
must be noted that the above decoupling design criteria becomes difficult to achieve as the power
rating and switching frequency of the MAB converter increases as the base inductance is inversely
proportional to them as per equation (3.49).

In summary, the results of the simulation show that the proposed MAB configuration has inherently
decoupled power flows if the master port leakage inductance is sufficiently low (<0.05 pu). In addition,
it is shown that selecting different control bandwidths for the control loops in the MAB [31] does not
guarantee power flow decoupling. The technique eliminates the noise due to the slower loop on the
faster loop. However the slower control loop becomes more vulnerable to disruption caused by faster
control loops.

3.5.3 Results: ADRC control decoupling

Dynamic simulations are performed to validate the the effectiveness of the proposed ADRC control
in terms of decoupling the power flows. The selected simulation package is MATLAB/Simulink aug-
mented with the PLECS blockset. The QAB converter schematic used for the simulation study is
presented in Figure 3.14. The performance of ADRC decoupling control is compared with the matrix
based conventional decoupling control (CDC). Finally, simulations are also carried out on the QAB
converter without any decoupling control, i.e, with only decentralized PI controllers for individual ports.
The PI controller for the voltage loop is designed to be slower than the current loops to investigate the
interactions between the individual loops. It must be noted that the PI controller gains highlighted in
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Table 3.3: Controller gains for simulation study

o e . Port
Type Description Symbol  Unit 1 2 3 4
ADRC control Observgr bandwidth w, rad/s - 20,000 50,000 50,000
& observer gains Pr'oportlo.nal kp - - 3 2 0.06
Differential kq - - 800 500 -
CDC controller  Proportional kp - - 2.5 1.8 0.06
PI gains Integral ki - - 5000 3000 10

the specifications are applicable to simulations with CDC control and with only PI control. Dynamic
simulations are carried out at the following operating point: P, = 800 W; P3 = -400 W, and Pjpaq,4 =
-740 W. The current set-point of the port #2 is changed from 4A to 2A and the behavior of the current

of port #3 and voltage of port #4 are observed to evaluate the performance of the decoupling control
strategies.

Performance comparison of decoupling control methods

The performance of the proposed active-disturbance rejection control (ADRC) is compared to the
performance of the conventional decoupling control (CDC) used for decoupling control of MAB con-
verters. Table 3.3 presents the controller gains of the ADRC controllers along with the CDC controllers.
Further, the behavior of the converter without any decoupling control is also analyzed to create a
baseline performance. For the converter system without decoupling control, only decentralized PI
controllers with similar gains to the CDC control (Table 3.3). Figure 3.19 shows the dynamic waveforms
of the relevant QAB port currents and voltages using different control strategies. Figure 3.19a and 3.19b
show the terminal voltage and current of port #4 while Figure 3.19c shows the current of port #3. The
cross-coupling of the QAB converter control loops is evident from the disturbance caused in the port
voltages and currents when no decoupling controller is used. Thus, the dynamic behavior is highly
coupled and will lead to stability issues. The decoupling performance of ADRC controller is evident
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Figure 3.19: Comparison of decoupling performance of different control strategies; without decoupling con-
trol (only PI controllers), conventional decoupling control, and active disturbance rejection control during a
step-change in set-point of port #2 current i» from 4A to 2A. Disturbance in different QAB converter ports: (a)
vpc,4: voltage of load port #4, (b) i4: current of load port #4, and (c) i3: current of port #3.
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from the dynamic behavior of the port currents and voltage. The deviations in the transient response of
i3, i4 and vpc4 are less than 1% compared to 10% in the simulation study without decoupling control.
Additionally, the ADRC performance is comparable to the CDC decoupling control, thus validating its
performance.

Robustness analysis of decoupling controllers

Compared to CDC control, ADRC needs less information regarding the plant. The individual port
ADRC controllers only require the information regarding the order of the port filter. On the other hand,
the centralized CDC control needs internal information of the QAB converter model which includes
the nominal values of link inductances between the ports (Ljj), rated port voltage (vpc,i), phase shifts
during an operating point (¢) and switching freqeuncy (fsw). Therefore, it is necessary to investigate
the decoupling performance of the CDC and ADRC controllers when there is a deviation in values
extracted from plant models. The above dynamic simulation is repeated for both the control strategies
with deviations in relevant model parameter values. Figure 3.20a shows the dynamic response of the
port #4 voltage vpc,4 using CDC control with deviations in the value of the link inductance between
port #3 and #4; L34 in the plant model. Similarily, figure 3.20b shows the decoupling of vpc 4 using
ADRC control with deviations in the value of the input gain b, in the controller model. The CDC
decoupling performance is sensitive to under-compensation or over-compensation depending on the
deviation in the nominal value of L34 in the QAB plant model. However, in the case of ADRC control,
the decoupling performance is robust. It can dynamically decouple the port voltage independent of
the deviations in the input gain values in the controller. In practical scenarios, the term by is used as an
additional tuning parameter besides observer (w,) and controller gains.
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201 L3y = 1.5L3ap i 201 by = 1.5byyp
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Figure 3.20: Dynamic behavior of port #4 voltage vpc 4 to investigate sensitivity of decoupling performance to
deviation in model parameters: (a) CDC decoupling performance when the value of the link inductance L34 is
changed in the plant model from it’s nominal value L34 o, and (b) ADRC decoupling performance when the value
of the input gain by is changed from it's nominal value by g.
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Effect of observer bandwidth and sampling frequency

The decoupling performance of the ADRC controllers is dependent on the choice of observer bandwidth
and the sampling frequency of the digital controller. To analyze the effect of the digital control delay and
the observer time constant, the transfer functions of the individual QAB converter ports or sub-systems
are used. Using a first order approximation of the time delay, the open loop transfer functions of the
current controlled and voltage controlled ports introduced in (3.47) and (3.48) can be re-written as:

kpc + skpc
GoLi=—S5——— 3.53
oL 21+ sm) (3:53)
G Kov (3.54)
LY s +s7) ’

It must be noted that the validity of the above mentioned open loop transfer functions is contingent
on the cancellation of lumped disturbance of the system by the output of the ESO. Therefore, the
bandwidth of the observer has to be sufficiently higher compared to that of the controller for optimal
decoupling performance. However, the bandwidth of the observer is dependent on the sampling time
of the digital controller T;. To that end, the bode plots of the control to output loop gains for varying
sampling times are analyzed and presented in Figure 3.21. Figure 3.21a shows the open loop Bode plot
of the port #2 current control loop gain with different digital time delays ranging from 100 ms to 10 ps.
It is evident from the Bode plots that lower the digital control delay, higher the control bandwidth and
the phase margin for fixed controller gains. For higher delays, the controller gains can be increased to
make sure there is sufficient phase margin when the transfer function gain is 0 dB.

As mentioned above, the ports’ open-loop transfer functions are only valid if the extended state
observer (ESO) is sufficiently fast. To that end, the effect of the ESO bandwidth on the decoupling
dynamics of the QAB converter obtained from simulations is shown in Figure 3.22. As expected, the
higher the LESO bandwidth, the better the disturbance rejection by the ADRC voltage and current
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Figure 3.21: Open loop Bode plots of: (a) port #2 current adrc control loop at different digital time delays. The
controller gains are fixed with kpc= 2 and kpc= 500, and (b) port #4 voltage first order adrc control loop at different
digital time delays with a gain of kpy= 0.06.
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Figure 3.22: Decoupling performance of ADRC controllers at four observer bandwidths (wqps): (@) port #3 current
dynamic behavior at different observer bandwidths, and (b) decoupling performance of ADRC voltage controller
vpc,4 for different observer bandwidths.

controllers. The decoupling performance of the ADRC voltage controller is really sensitive to the choice
of the observer bandwidth as shown in Figure 3.22b since the voltage control bandwidth is much slower
compared to the current controller bandwidth. In conclusion, the lower controller bandwidth can be
compensated by a high observer bandwidth in case of disturbance rejection. However, it must be noted
that the observer bandwidth cannot be increased indefinitely as the sensor noise starts to dominate,
which might lead to unstable operation.

In summary, the results of the simulation show that the proposed ADRC control approach for MAB
converters is able to dynamically decouple the individual power flows. The main advantage of the
proposed control strategy is that it requires much less information regarding the converter model
compared to the matrix based approach of conventional decoupling control [14]. Additionally, the
gains of the ADRC controller are independent of the operating point unlike in case of CDC control which
needs a look up table to update the gains at different operating points. Further, the ADRC decoupling
performance is robust to the deviation of the controller gains derived from model parameters.

3.6 Experimental results

Experiments are performed on a quad-active bridge (QAB) converter prototype to demonstrate the
efficacy of the proposed power flow decoupling strategies. To that end, the overall experimental setup,
along with the system components, is addressed in the next segment. Additionally, the efficiency of
operation and distribution of losses are presented. The dynamic decoupling performance of the QAB
converter prototype is presented at the end.
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Figure 3.23: QAB experimental laboratory prototype.

3.6.1 Laboratory prototype

The experimental QAB prototype is identical to the simulation schematic (Figure 3.14) without the
DC-side filter inductors with all other parameters remaining the same (Table 3.2). The laboratory
QAB converter setup is presented in Figure 3.23. The overall system consists of four full-bridge mod-
ules connected via a high-frequency multi-winding transformer with three bi-directional DC power
supplies (SM 500 CP-90 Delta Elektronika) and a resistive load of 35 Q. Si-C MOSFETs (Wolfspeed
C3M0065100K) are used for the full-bridge modules. Three external leakage inductors of value 25 pH
for the three slave ports are highlighted in Figure 3.23. Blocking capacitors are connected to each
transformer winding to ensure the transformer is not saturated due DC bias during transient and
steady state operating conditions. The central controller is implemented on a Texas Instruments
TMS320F28379D DSP. The high-frequency (HF) transformer is implemented by using two stacks of
E-70/33/32 cores (core material N87) in parallel. The transformer windings are interleaved to ensure
low leakage inductance of the windings. Leakage impedance tests on the HF transformer are conducted
to evaluate the inter-winding leakage inductances. Table 3.4 presents the design specifications of
the HF transformer along with the experimentally obtained values of the leakage inductances of the
delta-equivalent circuit. The transformer winding #1 is designed to have the lowest leakage among
all the windings, as evident from the experimentally obtained leakage inductance values in Table 3.4.
Therefore, the port connected to the winding #1 is used as the master port.

3.6.2 Steady-state waveforms

Figure 3.25 presents the operating steady-state winding current and voltage waveforms of the four-port
MAB converter prototype in its conventional configuration with symmetric distribution of leakage
inDCutances. The operating point is identical to the operating point OP#1 chosen for the simulation
study (Pjoad,4 = -730 W; P2 =800 W; P3 = -400 W) where the MAB converter acts in 2 source-2 load (2S-2L)
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Table 3.4: HF Transformer Specifications

Design parameter Details

Core 2 stacks E-70/33/32
Material N87 (EPCOS TDK)
Layer insulation Kapton tape
Number of turns

(N1, Ny, Ns, Ny) 8688
Parallel turns 42,22

Tstrand = 0.05 mm
Rstrand = 420

Leakage L12=8;L13=18;L14=6.7

inductances (uH) Lr3=9; L34 =9; L24 =19

Litz wire details

Winding #1
Winding #2
Winding #3 — = =

Winding #4 E-Core

(@) (b)

Figure 3.24: (a) Four-winding transfer for the multi-active bridge converter, (b) interleaved winding strategy of
the multi-winding transformer to ensure low leakage inductance for winding #1.

mode. It is evident that the experimentally obtained waveforms are similar to the theoretical waveforms
presented in Figure 3.5.

Similarly, Figure 3.26 presents the operating steady-state winding current and voltage waveforms of the
modified MAB converter with port #1 as the ‘'master’ port with zero leakage inductance at the same
operating point. The winding currents of the slave ports are trapezoidal in shape similar to dual-active
bridge (DAB) converters operating with sibgle-phase shift (SPS) modulation. The winding current of
the 'master’ port (it;) is a superposition of the slave port currents. The transformer widning current
shapes are similar to the theoretical waveforms presented in Figure 3.10.

71



Chapter 3. Smart Power Router for DC Residential Nanogrids

YOKOGANA @ 03-hor 20 141456 Edge GHI £ -10 Y YOKOGAWA @ 21-for, 20 030625
rouiow
E 7T 5 L meam N R

Normal Edge CHI £0 Y
ntP £2.568/5_Auto uto

Main =[1.25 M Ous/div| \ \ us/div
‘71 i \‘ / b
A ‘ l‘ r,/"(' A e U e —
VZ\’,” /
Vi~ | — "
; - 7 1o
v — PR
L 1 L =\ I\ /| (5A/div)
(500V/div) (2ps/div) \ /| 2ps/ div)
(a) (b)

Figure 3.25: Steady state waveforms of the conventional MAB configuration with symmetrical leakage inductance
distribution in 2S-2L mode at the operating point OP#1: (a) transformer winding voltages, (b) transformer winding

currents.
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Figure 3.26: Steady state waveforms of the modfied MAB configuration with asymmetrical leakage inductance
distribution in 2S-2L mode at the operating point OP#1: (a) transformer winding voltages, (b) transformer winding

currents..

3.6.3 Bi-directional power flow control

As highlighted previously, one of the significant advantages of the MAB converter family is the capability
of controlling the power of ports in both directions. Figure 3.27 demonstrates a case study where the
power in port #2 is controlled in both directions. The port #2 current alters direction tracking the
ramped power set-point. It can be further observed that port #1 acts as the slack port of the converter
as the QAB converter transitions from a 2 source-2 load (2S-2L) mode of operation to a 1 source-3
load (1S-3L) mode. Thus, the bi-directional power flow control of the QAB converter is validated.

3.6.4 Dynamic behavior: hardware decoupling

The power flow dynamic decoupling performance of the proposed QAB converter is validated by
performing multiple experiments on the prototype. The experiments are divided into two case studies
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Figure 3.27: Bi-directional power flow control in port #2 in the QAB converter prototype by ramping down the
port power set-point. The converter mode of operation transitions from a 2S-2L to a 1S-3L.
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Figure 3.28: Transient behavior of the control currents and voltage during a load step of QAB system configuration
with: (a) Ly1 =0 pu, (b) Ly1 = 0.6 pu.

similar to the simulations in Section 3.5.2:

1. astep load in the load port #4 to investigate the effect of the relatively slower voltage loop on the
current loops in port #2 and port #3.

2. simultaneous step change of current set points in port #2 and port #3 to study the effect of the
current loops on the efficacy of the voltage control loop in port #4.

In addition, two sets of experiments are carried out: (a) the conventional QAB configuration with
an external inductor of Ls = 0.6 pu is connected to the slack port winding transformer, and (b) the
proposed QAB configuration without an external inductor as a leakage inductance connected to the
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Figure 3.29: Dynamic performance of the control currents and voltage during set-point alterations in port #2
and port #3 with QAB configuration with L;j = 0.6 pu. The current set point in port #2 is changed from 4A to 2A
and back to 4A. The current set point in port #3 is changed from -2A to -4A and back to -2A. (a) overall transient
waveforms, (b) transient waveforms during the first set-point change.

slack port winding transformer. The results obtained from the two configurations are compared to
evaluate the effectiveness of the proposed configuration in terms of power flow decoupling.

Load step at port#4

The load step is realized on port #4 by switching a resistive load of 130 Q in parallel with an existing load
of 35 Q. Figure 3.28a shows that the port currents of port #2 and port #3 are not affected by the load step
change in port #4 when there is no external leakage inductance is added to the slack port transformer
windings (Ly; = 0 pu). In the modfied MAB configuration, the voltage dip at the load bus is 17 V
compared to 22 V in the conventional QAB configuration as shown in Figure 3.28b. Simulation findings
have also shown similar behavior as reported in Figure 3.16a. The cross-loop interference generated by
the voltage loop is corrected by faster current loops regardless of the leakage inductance of the master
port. In conclusion, the proposed QAB configuration has faster voltage restoration performance during
load step compared to the conventional QAB configuration. However, in both the configurations the
cross-coupling effect of the slower voltage loop on the current loops is negligible.

Current step at port#2 and port#3

The interference due to the current control loops on the voltage loop obtained from the experimental
results is studied in this section. The current reference points at port #2 and port #3 are changed
simultaneously (I set-point = 4A 10 2A 10 4A, I3 set-point = -2A t0 -4A to -2A). The transient response of the
DC bus voltage during this event is observed for both the converter configurations with and without
external leakage inductances. Figure 3.29 and Figure 3.30 show the transient behavior of the load DC
bus voltage and the controlled currents of the proposed QAB configuration (Ls; = 0.6 pu) and the
conventional QAB configuration (Lys; = 0 pu) respectively. The full decoupling of the control loops
is observed from Figure 3.30a without any disruption to the DC bus voltage due to the current loop
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Figure 3.30: Dynamic performance of the control currents and voltage during set-point alterations in port #2 and
port #3 with QAB configuration with Ly = 0 pu. The current set point in port #2 is changed from 4A to 2A and back
to 4A. The current set point in port #3 is changed from -2A to -4A and back to -2A. (a) overall transient waveforms,
(b) transient waveforms during the first set-point change.

control operation. However, in case of the conventional converter configuration (Ls; = 0.6 pu), the
DC bus voltage is affected by the control action in the current control loops as shown on Figure 3.29.
Figure 3.29b shows that the DC bus voltage drops approximately 24 V (15% of the nominal bus voltage)
during the current set-point changes in port #2 and port #3 before the voltage control restores the DC
bus nominal voltage.

In conclusion, the proposed MAB configuration with asymmetric leakage inductance distribution
shows complete dynamic decoupling of the control loops independent of individual control band-
widths. Therefore, the experimental results validates the hardware approach towards power flow
decoupling of MAB converters. In the upcoming section, the ADRC based software decoupling strategy
is implemented on the QAB laboratory prototype.

3.6.5 Dynamic behavior: ADRC based decoupling

The dynamic decoupling performance of the ADRC based control strategy is validated by performing
experiments on the prototype at the aforementioned operating point. Digital implementation of
the ADRC controllers is detailed in Appendix A. The port #2 current is changed from 4A to 2A and
the behavior of the current of port #3: i3, and voltage of port #4: vpc 4 are observed to evaluate the
performance of the decoupling control strategies. Two sets of experiments are conducted: (a) only with
PI controllers, and (b) with tuned ADRC decoupling control.

The individual port controllers are tuned by iteratively increasing the observer bandwidth (w,) and
the controller gains until either the control signal becomes noisy and leads to oscillations or desired
dynamic performance is achieved. After completion of the tuning strategy, an observer bandwidth of
35,000 rad/s is obtained for the second-order LADRC current controllers for ports #2 and #3. For the
first order LADRC voltage controller of port #4, an observer bandwidth of 10,000 rad/s is obtained.
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Figure 3.31: Experimentally obtained dynamic performance of the QAB converter during set-point alteration in
port #2: (a) only using PI controllers without ADRC decoupling, and (b) with ADRC decoupling control. ADRC
controllers decouple the control loops of vpc 4 and i3 from the coupling disturbance from current loop of iy.
Further, ADRC control achieves zero-steady state error without using integral gain.

Figure 3.31a shows the transient waveforms of the relevant currents and voltage by only using PI
controllers without active disturbance rejection. In this case, the load port voltage (vpc,4) is disturbed
and drops by 19 V (10% of nominal value) before recovering to its nominal value. Equivalently, the
port #3 current (i3) is also disturbed due to cross-coupling by 0.4 A (20% of nominal value). Figure 3.31b
shows the transient waveforms of the QAB converter with the proposed ADRC based control. The
improvement on the dynamic performance is evident in both the load port voltage vpc,4 and port #3
current i3. The load port current ijo,q is completely decoupled, while the voltage vpc 4 only drops by 3
V (1.5% of nominal value). Finally, it must be noted that all the individual ADRC controllers achieve
zero-steady state error without using integral gain. In conclusion, the experimental results validate the
efficacy of proposed ADRC control for MAB converters in terms of dynamic decoupling performance.

3.6.6 Efficiency and loss distribution

The efficiency of the QAB converter prototype is experimentally measured using Yokogawa WT500
power analyzer. The QAB converter efficiency is measured with two sources (port #1 and #2) and two
loads (port #3 and #4). The power of the load port #4 is kept constant at 730 W, whereas the load power
at port #3 is varied from 200 W to 850 W. Two sets of experiment with the above power loading are
conducted: (a) port #2 supplies constant power at 600 W, and (b) port #2 supplies constant power at
900 W. Figure 3.32a shows the measured efficiency curves obtained from the experiments. The QAB
efficiency curve obtained during port #3 supplying power of 600 W is higher compared to the case when
port #3 supplying power of 900 W by 1%-1.5%. Unequal sharing of the power between port #1 and #2
results in higher losses in the second case (P,=-900 W).

The operating points in the first set of experiments (OP#1 - OP#5) are modelled to analyze the loss
distribution within the QAB converter. Figure 3.32b shows the losses incurred at different ports of
the QAB converter as the load power Pj is increased. It can be observed from the loss distribution
that the MOSFET conduction losses in both port #1 and port #3 increase as they process more power
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Figure 3.32: (a) QAB converter efficiency during 2S-2L mode of operation with two sources (port #1 and #2) and
two loads (port #3 and #4). Port #3 acts as a variable load while port #1 acts as the slack port. Port #4 consumes
a constant power of 730 W. Two sets of efficiency measurements are carried out with source port #2 supplying
constant power of 600 W and 900 W, (b) loss distribution in different ports of the QAB converter at different
operating points in 2S-2L mode with P3: 200 W to 850 W (load), P>: -600 W (source), and P4: 730 W (load), and (c)
loss distribution in the transformer of the QAB converter at different operating points.

from operating point 1 to 5. Similarly, the MOSFET switching losses in port #3 increases as the power
increases. In all the operating points, port #3 MOSFETs are soft-switched. Therefore, they have zero
turn-on losses. As the peak current during turning-off increases with increasing power, the turn-off
losses of the port #3 MOSFETs increase. However, the MOSFET switching losses in port #1 almost
remains constant even though the power delivered increases. Similar to port #3, the MOSFETs in port #1
are also soft-switched leading to zero turn-on losses. However, due to low leakage inductance of the
master port, the peak current (it;) during the turn-off transition is high as seen in the steady-state
transformer waveforms shown in Figure 3.26a. The master port inductor peak current value doesn’t
increase significantly as the power delivered by the master port increases. Therefore, the MOSFET
switching losses in port #1 remain constant. The high peak transformer current of the master port
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Table 3.5: Overview of MAB decoupling strategies

Cateso Decoupling Performance metrics
sory strategy Computational Controller Design Additional
effort architecture | complexity | component
Band decoupling [31] Low Decentralized Low -
Inverse matrix [14, 32] High Centralized Low -
Control Pre-compensator [22] Medium Centralized Low -
Time-sharing [11] Low Decentralized Low -
Observer-based . .
[This thesis] Medium Decentralized Low -
Asymmetric leakage . . One less
Hardware | [This thesis] Low Decentralized High inductor
Resonant capacitor [33] Low Decentralized Medium One e)'(tra
capacitor

in the proposed MAB configuration results in high turn-off switching losses irrespective of operating
point. This is a drawback of the proposed configuration compared to the conventional configuration.

The transformer loss distribution is presented in Figure 3.32c. The winding losses increase as the overall
power processed by the QAB converter increases from operation point #1 to point #5. However, the core
losses remain constant independent of the power processed by the transformer. Due to the zero leakage
inductance, only the master-port volt-seconds determines the flux density swing in the transformer.
Since the master-port volt-seconds remain constant throughout the operating points, the core losses
also remain the same. Finally, Figure 3.26b shows the thermal performance of the QAB converter at
operating point #5.

3.7 Conclusion

This chapter presented the development of the smart-power-router capable of integrating renewable
sources, storages, and loads for future DC household nanogrids. Based on a qualitative evaluation of
multi-port converters, a multi-winding transformer-coupled multi-active bridge converter (MAB) is
selected due to the ease of bi-directional power flow management and port-to-port galvanic isolation.
However, MAB converter design and control is challenging as the power flow between different sources
connected via a multi-winding transformer is highly coupled. Therefore, from a control perspective,
the MAB converter is a coupled multi-input multi-output (MIMO) system that requires sophisticated
decoupling control strategies. Consequently, this hinders the scalability and reliability of the MAB
converter.

In this thesis, two solutions to the MAB converter power flow coupling problem are presented. First, a
new hardware configuration for a MAB converter with asymmetrical leakage inductance distribution is
introduced. It is based on making a port as master with low leakage inductance (< 0.05 pu) act as a
rigid-voltage source on the transformer magnetizing inductance while adding external inductors (1 pu)
to the rest of the ports. The proposed MAB configuration has inherently magnetically decoupled
power flows, enabling the regulation of power flows independently of the different port controller
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bandwidths. However, the hardware approach increases the switching losses of the master port
MOSFETs and makes the multi-winding transformer design challenging. To that end, a control-based
solution to the MAB coupling problem is also presented in this thesis. Active-disturbance rejection
control (ADRC) with high bandwidth extended state observer (ESO) is used to observe the cross-
coupling disturbance, compensated in real-time. Thus, ADRC control decouples the power flows in a
multi-active bridge (MAB) converter in a decentralized manner using minimal system information. The
decoupling strategies decompose the MIMO system into independent single-input single-output (SISO)
systems with no mutual interaction allowing power flow control regardless of controller bandwidth.
Table 3.5 presents a comparative overview of the proposed decoupling strategies with existing state-of-
the-art methods in literature.

The decoupling strategies are extensively validated using simulations and experiments conducted
on a 2 kW, 100 kHz four-port MAB converter laboratory prototype. Further, an in-depth analysis of
the losses incurred in the MAB converter is analyzed and experimentally validated. In summary, the
proposed strategies solve the problem of power flow coupling inherent to MAB converters without
losing any advantage of the MAB converter family. Thus, it allows an increase in the number of ports
without increased control complexity leading to higher system reliability, scalability, and robustness. In
conclusion, the developed MAB converter can be a promising candidate to be the smart-power router
for future DC residential nanogrids.
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Wireless Residential EV charging

Electric vehicles (EV) will be an integral part of future smart homes. Therefore, efficient charging
infrastructure is needed for integration of EVs in the DC house. Inductive power transfer (IPT) based
charging system is a promising candidate for household EV charging applications. IPT technology is
more user-friendly and safer than conventional wired charging due to absence of electrical or mechanical
contacts. Additionally, IPT systems can be bi-directional which will allow implementation of vehicle-to-
home (V2H) and/or vehicle-to-grid (V2G) charging.
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Based on:

1. "Comparison of Magnetic Couplers for IPT EV Charging using Multi-Objective Optimization"
IEEE Transactions on Vehicular Technology, vol. 68, no. 6, pp. 5416-5429, June 2019, doi:
10.1109/TVT.2019.2909566.

2. "Multi-objective optimisation of a 1-kW wireless IPT systems for charging of electric vehicles,"
IEEE Transportation Electrification Conference and Expo (ITEC), Dearborn, MI, 2016, pp. 1-7.

3. "Comparison of Optimized Chargepads for Wireless EV Charging Application"
10th International Conference on Power Electronics and ECCE Asia (ICPE 2019 - ECCE Asia),
Busan, Korea (South), 2019, pp. 1-8.

4. "Design considerations for a misalignment tolerant wireless inductive power system for electric
vehicle (EV) charging," 19th European Conference on Power Electronics and Applications (EPE’17
ECCE Europe), Warsaw, 2017, pp. P1-P10.

4.1 Introduction

Electric vehicles (EVs) are a critical element in the transition towards a green future. With the impending
ban on diesel or petrol cars within the next decade, it is safe to assume that EVs will replace conventional
cars in every household [1]. Therefore, it is necessary to integrate EV charging in future smart homes
safely and efficiently. To that end, this chapter focuses on designing an EV charging infrastructure
for smart home or building applications. In the proposed smart power router-based DC architecture,
the EV charging can be integrated with two methods: (a) connecting directly to a smart power router
port, and (b) connecting to the DC bus along with the household loads. The advantage of connecting
directly to a smart power router is that it obviates the need for isolation. Thus, the homeowner can
implement DC charging by merely connecting the EV battery to a smart power router port. On the other
hand, the second method of EV charging integration via the smart home’s DC bus requires galvanic
isolation according to EU standards. But this solution is more generic and therefore, more applicable to
future smart homes with or without a smart power router. Hence, this thesis focuses on the method of
integrating EV charging in the smart home’s DC bus.

Inductive wireless EV charging

Inductive power transfer (IPT) is a promising solution for EV charging integration in DC smart homes.
IPT is already a popular solution for a wide range of battery charging applications, such as low power
bio-medical implants, industrial automation, consumer electronics and electric vehicles (EVs) [2, 3].
IPT technology for EV charging is more user-friendly and safe than conventional wired charging due to
the absence of electrical or mechanical contacts. Additionally, it opens up the possibility of dynamically
charging the EV battery while they are running [4, 5]. Due to these advantages as mentioned above, IPT
technology is a crucial enabling factor for a further increase in the popularity of EVs, especially in the
in-house charging market which requires safety, comfort and convenience of charging.
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A general scheme of an IPT system for EV charging from a utility grid consists of the following power
conversion stages: a power factor corrector (PFC), a high-frequency inverter (HFI), magnetically
coupled coils and a pickup circuitry comprised of a rectifier followed by a DC-DC converter to match
the battery voltage. It has similar functional elements as that of a plug-in charger [6]. The high frequency
isolating transformer in the onboard charger (OBC) of an EV is functionally identical to the magnetic
couplers in an IPT system. The difference is the large air-gap and associated significant leakage of IPT
couplers.

IPT designs require highly efficient magnetic couplers to match the plug-in EV charging efficiencies.
Operational air-gap in a typical EV charging IPT system ranges from 5 cm to 40 cm. This poses a
significant design challenge since coupling co-efficients (k) due to such large air-gaps typically vary
between 0.01 and 0.5. Compared with conventional iron cored transformers (k = 0.95 - 0.99), they are
low [7]. Furthermore, there are other design challenges in magnetic couplers which include: limited
allowable space and weight of the charge pads, misalignment tolerance and strict guidelines on EMF
emissions. To that end, the goal of this thesis is on the design of the magnetic power conversion stage
of the IPT system focusing on the comparative analysis of different coupler types.

Literature review

Alarge number of coupler topologies for IPT based EV charging is reported in literature [8-11]. Figure 4.1
shows all the popular magnetic couplers reported in literature. Based on coil winding strategy, there
can be two types of lumped IPT charge pads: a) Solenoid or double sided flux couplers [10, 12] and b)
planar or single-sided flux couplers [8]. Planar couplers can be further classified into two families based
on fundamental flux path: a) non-polarized couplers like circular and rectangular geometries [13-15]
and b) multi-coil polarized couplers like double D (DD) [7, 9], bi-polar pad (BPP) [16], and double
D-Quadrature (DDQ) [8, 11, 17]. Comparisons between different concepts are found in several publica-
tions [18-21]. Several coil topologies are compared using numerical methods and statistical methods
in [18, 19]. However, in those studies different loss mechanisms in the charge pads are not considered.
Also, the advantages of the various coil topologies of primary performance factors like power transfer
efficiency, power densities, misalignment tolerance, and stray field exposure are not clear. To ensure a
fair quantitative comparison, the IPT couplers considered should be optimized under given constraints.
A multi-objective optimization approach is introduced in [22, 23], where design tradeoffs between
efficiency (1), area power density (@) and gravimetric power density (y) in the form of Pareto fronts
are presented. However, the study was limited to only two coupler geometries and didn’t consider the
trade-offs between misalignment tolerance and power densities of the couplers.

Contributions

This thesis extends the above studies to include all major topologies and performance parameters. The
objective of this thesis is to compare the following coupler geometries:

1. Circular (Transmitter + Receiver)
2. Rectangular (Transmitter + Receiver)
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Figure 4.1: Popular magnetic couplers for inductive power transfer (IPT) based EV charging: (a) Circular, (b)
Rectangular, (c) DD, (d) DDQ, and (e) BPP.

3. DD (Transmitter + Receiver)

4. DD (Transmitter) - DDQ (Receiver)

5. DD (Transmitter) - BPP (Receiver)
To ensure a fair comparison, the chosen coupler geometries as shown in Figure 4.1 are optimized

with the goal of maximizing efficiency, vehicle pad area power density, gravimetric power density, and
misalignment tolerance.

To that end, the main contributions of this chapter are:

1. Developing computationally efficient numerical modelling methodology of IPT couplers suitable
for optimization.

2. Validating the developed numerical modelling methodology with experimental tests.

3. Developing a generalized multi-objective optimization (MOO) framework for design of IPT
coupler.
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4.2. Fundamentals of IPT system

4. The developed and validated modelling methodology is combined with the MOO framework to
assess the performance of the five popular coupler topologies (see Figure 4.1) and presents the
merits and demerits of individual concepts.

5. Highlighting trade-offs and trends among the performance parameters (efficiency, power density,
misalignment tolerance and stray field) for all the coupler geometries.

Chapter outline

This chapter is organized into six parts. First, a brief overview of the magnetic couplers and their
classification are provided in Section 4.3. In Section 4.4, the numerical modelling methodology of the
magnetic couplers is discussed briefly. Section 4.5 validates the numerical modelling methodology
with experimental results on a laboratory prototype. Section 4.6 develops a multi-objective optimiza-
tion (MOO) framework to optimize the selected couplers and compare them. Based on the optimization
results, a detailed comparative analysis of the coupler topologies is presented in Section 4.7. Finally,
general conclusions are summarized based on the results.

4.2 Fundamentals of IPT system

A generic lumped IPT system is comprised of the three fundamental components: power supply,
magnetic coils or chargepads, and a pick up circuit as shown in Figure 4.2. A DC power supply is followed
by a single-phase square wave inverter. The IPT system consists of resonant compensation networks for
the transmitter and receiver coils along with a rectifier (sometimes followed by an additional DC/DC
converter) in the pick up side. A brief overview of the fundamentals of the above components is
presented in this section.

4.2.1 Principle of operation

The principle of operation of inductive power transfer is based on near-field magnetics which can be
explained by applying Ampere’s law and Faraday’s law. On the primary side as depicted in Figure 4.2,
according to Ampere’s law, an AC current i; generates a time-varying magnetic flux ¢ around the

Transmitter coil ~ Receiver coil

Compensation Compensation
Y (~~A
1L LY
ot e | T T /o)
\
/ Flux (9)
Air gap

Figure 4.2: Architecture of a general inductive power transfer (IPT) system.
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transmitter coil. Subsequently, the generated flux ¢ is linked to the receiver-side coil and induces
a voltage across it. The amplitude of the induced voltage on the receiver coil is proportional to the
coupled flux and the number of turns in the coil, as governed by Faraday’s Law:

fé'dlZM()Nlil 4.1)
C
¢=f§-ds 4.2)
S
__n Y9
v=—N, 1 4.3)

where B is the magnetic flux density, c is the contour for line integration, s is the contour for surface
integration, N} and N, are the number of turns in the transmitter and receiver coil respectively, g is
the permeability of air, and v is the voltage induced in the receiver side.

Compared to traditional transformers, IPT transmitter and receiver coils have a much larger air gap
between them. Therefore, only a fraction of the transmitter’s magnetic flux is coupled with the receiver
coil, which leads to high leakage and low magnetizing coil inductances. Consequently, there is sig-
nificant reactive power circulating in the system, which increases losses and reduces power transfer
efficiency. Therefore, one or more passive elements, also called compensation networks are added to
the system to provide a local path to the reactive power and improve efficiency. The compensation
network cancels the high inductive reactance of the coils at the resonant frequency, reduces the coil’s
impedance, and allows high current to be injected into the winding.

In conclusion, in a generic IPT system, a single-phase inverter generates a high-frequency magnetic
field transmitted and received by coils with impedance compensation, and rectified into DC, filtered,
and fed to the load.

4.2.2 Mutual inductance model and power transfer

A mutual inductance model [24] is used to develop an equivalent circuit of the IPT system. In this model,
the loosely coupled transformer is represented as a two port network, and the coupling between the
primary and secondary sides is represented by the mutual inductance M, as shown in Figure 4.3. The
mutual inductance model is popular for its simplicity as the leakage inductance is removed reducing
the number of variables.

The mutual inductance model is also represented by the co-efficient of coupling k as represented in
the following:

M
VLiLy

where L;, L, are the self inductances of the transmitter and receiver coils. The following circuit
equations describing the IPT system can be expressed using the mutual inductance model:

k=

(4.4)

Vac

0

r +ij1 —jwM
—jwM r2+RL,eq+ij2

(4.5)
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Mutual inductance model

Figure 4.3: Circuit diagram of the mutual inductance model of IPT system.

Therefore, the input impedance as seen by the inverter can be solved and expressed as:

v wM)?
Zm:$=zl+zr=zl+( ) (4.6)

11 ZZ
where 71,7, are the transmitter and receiver impedances, and Z; is the reflected impedance of the
receiver on the transmitter. The reflected impedance Z; and the receiver open-circuit voltage Vi
represent the coupling between the transmitter and receiver sides. Based on this, the input and output
power of the system can be expressed as following respectively:

V2 V2 Z
Pm:R%—E):R%———ﬂ;i——) 4.7)
Zin Z1Zp + (wM)?
VZw? M?Ry,eq

Poyut = |i2|2RL,eq = 5 (4.8)
| 212, + (wM)?|
Further, the apparent power S that can be transferred from the transmitter to the receiver can be written

as [25]:

VZw?M? 7, Z

ac” "~ T | = < 4.9
(21 Zs+ (@M?12| " °" Ry eq @9

S=1Voe x ia] = | jwiyiz| =
It is evident from (4.9), that purely active power can be transferred if the receiver side is fully compen-
sated; i.e, Z» = Ry ¢q + 2. Additionally, (4.7) shows that the transmitter supplies active power if both the
transmitter and the receiver side are fully compensated. Therefore, (4.7), (4.8) and (4.9) present the
analytical tool to evaluate the power transfer characteristics and efficiency of IPT systems. A series-
series compensation network to improve power transfer capability and efficiency is discussed in the
next section.
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4.2.3 Series-series compensation network

The compensation network is an integral part of the IPT system. It needs to provide multiple function-
alities to ensure the high performance of any IPT system. Primarily, it needs to compensate for reactive
power due to increased leakage inductances associated with loosely coupled coils. In EV charging
applications, another compensation network performance requirement comes from the load change
and coupling variation related to coils’ position. Therefore, the resonant network needs to compensate
for output fluctuations due to a wide range of parameter drift and reduce the sensitivity to load and
coupling variation [26]. Finally, the current and voltage stresses on the compensation network elements
are exceptionally high at high power ratings, leading to significant losses [27]. To that end, the simplicity
of the compensation network is critical in maintaining overall high system efficiency.

Several compensation networks reported in the literature perform the functionalities as mentioned
earlier to varying degrees. They can be divided into two main categories: (a) single-element com-
pensations like series-series (SS), series-parallel (SP), parallel-series (PS), parallel-parallel (PP), and
(b) multi-element compensations like LCL, LCC etc. A detailed comparison of various compensation
networks’ advantages and disadvantages is out of scope for this thesis. Comparisons between different
compensation networks can be found in literature [28, 29]. In this thesis, a series-series (SS) compen-
sation is selected as the compensation topology for its simplicity, load-independence, and position
tolerance.

Figure 4.4a shows the converter topology for an IPT system with series compensation capacitors on
both sides of the contactless transformer. The transformer model of the IPT system is built with a
transformation ratio of n = 1 to simplify the circuit for better understanding. A fundamental frequency
model of the IPT system is used to simplify the analysis of the power transfer and losses without
losing accuracy [30]. The fundamental frequency model including the transformer equivalent circuit is
shown in Figure 4.4b described by the leakage inductances L; — M and L, — M on both sides of the the
magnetizing inductance M. Further, the receiver side is modelled as an equivalent resistance as the
following:

8 U22,dc

_8 (4.10)
w2 anout

RL,eq

where P, is the output power of the converter, and 7y, is the efficiency of the rectifier.

The values of the series compensator capacitors are selected such that the resonance frequency fj
defined by the capacitors and the self-inductances of the transformer windings is equal to the switching
frequency of the inverter:

1 1
21VTiC. 2nVILCo

Figure 4.4c shows the equivalent circuit of the IPT system when the switching frequency of the inverter
is equal to the resonant frequency of the passive elements. At this condition, the input impedance as
seen by the inverter on the transmitter side can be expressed as:

fsw:fOZ

(4.11)

Tin = =2 4.12)
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Figure 4.4: (a) Topology of the series-series compensated IPT system, (b) Fundamental frequency model of the
IPT converter system including the transformer T-model, and (c) Equivalent circuit when the switching frequency
fsw is equal to the resonant frequency fy of the reactive elements L1, C; and L1, C».

which is purely real, independently of the magnetic coupling or the load. The transmitter and receiver
currents can be expressed as the following:

. E _ VacRL,eq

i1 = - (4.13)
! Zin ngZ
jwoMi jwo MV,
iy = %0 _ ] no (4.14)
RL,eq C{)OMZ
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It is evident from (4.14) that an SS compensated IPT system behaves as a load-independent current
source. Further, (4.12) shows that the Thevenin impedance as seen by the primary side inverter is always
real independent of magnetic coupling or load. Therefore, series-series compensation is perfectly
suited for EV charging applications for its simplicity, misalignment tolerance, and load-independent
current source behaviour.

4.2.4 Efficiency optimal system operation

In this section, the efficiency limit of a series-series (SS) compensated IPT system is discussed. The
equivalent circuit model highlighting the losses in an IPT system is shown in Figure 4.5. The power
losses of the IPT coils are modeled as parasitic ac resistances rac,1 and rac,2 in series with the leakage
inductances. During resonance operation, the transmitter and the receiver currents have only active
components. Therefore, the efficiency of power transfer can be expressed as the following:

Pout iZZRL:eq
= = ~ > (4.15)
Pin i5 R eq + i5Tac,2 + i1 Tac,1
where the transmitter and the receiver currents are expressed as the following:
; Vac (RL,eq + rac,2) 4.16)
1= .
w*M? + RL,eqrac,l + Tac,2Tac,1
wMV,
i) ac (4.17)

w?>M? + RL,eqrac,l + Tac,2Tac,1

Combining equations (4.15), (4.16), (4.17), the power transfer efficiency can be expressed as the follow-
ing:

W*M?Ry oq

’[7 =
(RL,eq + Fac,2) (w?M? + RL,eqrac,l + rac,2Tac,1)

(4.18)

loss, 1 loss,2

n=1

Figure 4.5: Equvalent circuit model of IPT system for loss and efficiency calculation.
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The design condition for maximum efficiency at any operating point is achieved when:

2A02(0m2 A g2 2 2
on 3 w M= (w"M rac,Z_rac,lRL’eq_ rac,lrac,z)

= =0 (4.19)

ORy ¢q (RLeq t+ rac,2)2 (w?>M? + Ry eqTac,1 + Tac,2 rac,l)z
Solving the above equation, it can be concluded that the following condition needs to be satisfied to
acheive maximum IPT efficiency:

.
~wM, |22 4.20)

Tac,2
Rpopt =y [w? M2 —= + r?
Tac,1

ac,2
Tac,1

The above condition to achieve maximum operating efficiency is also known as load or impedance
matching technique [22]. Theoretically, the above condition can be met at different load or coupling by
altering the value of the equivalent load impedance Ry, ¢q by changing the receiver side DC voltage U gc
according to (4.10). More details about the implementation of this condition in the control strategy are
discussed in the IPT control model in Section 4.4.3.

This concludes a brief overview of the fundamental aspects of an IPT system. It is evident from the
above analysis that the magnetic coils’ design is crucial in the development of an efficient IPT system
for EV charging. In the next section, a review of the popular coil topologies in literature is presented.

4.3 Review of magnetic couplers

As previously highlighted, a significant number of IPT coil topologies are reported in the literature.
Before the construction of a framework for comparative analysis, a classification strategy which includes
most coil topologies is necessary to make the comparison insightful.

4.3.1 Single-sided and double-sided couplers

IPT coils typically use ferrite bars to enhance coupling coefficient by shaping the magnetic field
produced by the coils. The focus of this work is on planar couplers. Spiral planar coils can be placed on
the ferrite material to produce magneto-motive force (MMF) only in one side, resulting in a single-sided

Chassis
| Chassis |
NNNANNN
RS N7
Coil Ferrite Coil Ferrite
(@) (b)

Figure 4.6: Classification of coupler topologies based on the strategy of coil winding: (a) double-sided winding,
(b) single-sided winding.
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Figure 4.7: Classification of coupler topologies based on fundamental flux path:(a) Non-polarized coupler has a
symmetric magnetic field around its center point, the fundamental flux height (h) is roughly proportional to a
quarter of pad diameter (h = %), and (b) Polarized coupler has magnetic flux travelling along the length of the pad,
the the fundamental flux height (h) is roughly proportional to half of the pad length (h = %).

winding or planar couplers. Comparative studies between solenoid couplers and planar couplers can
be found in literature [8, 12]. When a double-sided winding is used, the magnetic coupler can be made
smaller than a transformer with a single-sided winding. However, double-sided winding transformers
have a leakage flux at the back of the core, and consequently, they have low coupling factors. Therefore,
this thesis focuses on planar or single-sided flux couplers.

4.3.2 Unipolar and bi-polar couplers

Single-sided couplers can be further classified into two types: polarized couplers and non-polarized
couplers. Popular polarized and non-polarized couplers reported in the literature are namely the
double-D (DD) and circular topologies [13, 22] respectively. Other than circular topology, there also can
be rectangular coils and square coil topologies (can be considered as a particular case of rectangular
coils). The fundamental difference between polarized and non-polarized couplers is the nature of the
magnetic flux path. To illustrate the difference between the couplers, the fundamental flux paths of
both coupler types are shown and explained in Figure 4.7.

Polarized couplers can be further classified into three types depending on the receiver coil topology:
(a) double-D planar (DD) receiver, (b) double-D-quadrature planar (DDQ) receiver, and (c) bi-polar
pad (BPP) receiver. DD receiver has same structure as the DD primary (see Figure 4.7). Both DDQ and
BPP coil topologies improve misalignment performance of a DD receiver. DDQ receiver (Figure 4.1d)
has a Q coil symmetrically placed on the DD structure. The Q coil is magnetically decoupled from the
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Lumped IPT System
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Bi-polar pads Uni-polar pads
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e DD-Quadrature (Receiver)

Figure 4.8: Classification of coupler topologies for IPT system.

DD structure due to its inherent spatial positioning. This enables individual tuning and control of the
DD coils and the Q coil depending on alignment conditions. Therefore, DDQ topology is interoperable
with both unipolar and bipolar pads. A similar decoupling strategy is exploited in BPP receivers. The
overlap between the two coils is designed to ensure zero (as close to zero as practically possible) mutual
coupling between them. The extent of overlap needed between the coils to ensure decoupling depends
on the overall charge pad structure [9, 16]. Similar to DDQ pad, the BPP pad is interoperable with all
the other pads and offers good misalignment tolerance. Based on the analysis above, a classification of
the lumped magnetic couplers is shown in Figure 4.8.

4.4 Modelling the IPT system

The couplers selected for comparative analysis are be modeled and analyzed in this section. Finite
element (FE) analysis is used to model the coupler electromagnetics. The resulting data is post-
processed to extract the losses in the coupler along with other performance metrics.

4.4.1 3D coil model simplification and assumptions

COMSOL, a commercially available FE software is used to model the couplers. The considered couplers
consist of distributed ferrite strips as shown in Figure 4.1. Hence, 3D finite element (FE) models are
necessary to compute their electromagnetic behavior. However, this leads to the longer computation
time for individual models. To make the 3D models suitable for optimization purposes, geometrical
symmetries of the couplers are exploited to reduce the model. A combination of symmetry boundary
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conditions like the parallel flux, normal flux, and periodic boundary conditions [31] are used to reduce
the computational loads of the 3D models by several orders as depicted in Figure 4.9.

Automated physics based meshing is used in the 3D models which leads to optimal mesh sizes for
different materials based on their skin depths. The litz wire winding is a 3D lumped model for a
bundle of tiny wires tightly wound together with uniform current density, separated by an electrical
insulator. This prevents the intensive computation load associated with the calculation of the eddy
currents in the winding. This approximation is valid since: (1) since litz wire is composed of sinusoidally
woven insulated strands of copper, the equal current distribution is a good assumption given they
have symmetric impedances, (2) the litz wire strand diameter is chosen accordingly to render the
high-frequency effects to a minimum, (3) the current distribution in the windings have small effect
on the computation of the inductance of the coupler geometries, and (4) the losses in the windings
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Figure 4.9: (a) Axes of symmetries in a polarized DD coupler, (b) Symmetry Plane #1: Normal flux boundary
condition is applied along the axial plane between the two D coils, and (c) Symmetry Plane #2: Parallel flux
boundary condition is applied along the axis of the central core strip. Since the coil currents are perpendicular to
this boundary, the magnetic flux is parallel, and therefore no magnetic flux penetrates this plane. A is the magnetic
vector potential.
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are computed using analytical equations combined with field values derived separately from a 2D
FE model. To further reduce the computation time, linear ferrites are considered with fixed relative
permeability (u; = 2500). This approximation is valid since a hard constraint is placed on the maximum
flux density (Bmax) of the cores during optimization. B,y is strategically chosen well below the
saturation flux density of the core material used.

4.4.2 Loss modelling

Coupler losses are computed by analytical post-processing in MATLAB by extracting magnetic field
data from the FE models. The IPT system losses consist of: (a) coupler (litz wire, ferrite, aluminium), (b)
compensation capacitors, and (c) power electronics. They are briefly discussed in this section.

The litz copper loss (P¢) is comprised of DC ohmic losses (Pq.) and AC losses (P,) due to skin effect
and proximity effect (internal and external). They are computed using the following equations [32]:

Psiin + Pyc = nsperac Fr(fo)
str

f 2
) Leoil (4.21)
n

Pprox,tot = Pprox,int T Pprox,ext
72

= NstrTac G ——L
str/'dc R(fo) 27‘[ng

coil +

N
2 nsutacGr(fo) fl Hext(D*dl (4.22)
=1 i

where ng; denotes the number of strands in the litz wire, rq. is the DC resistance per unit length of
unit strand of the litz wire, Hey, is the external magnetic field penetrating the individual coil turns,
Fr(fo) and Ggr(fp) are frequency dependent factors. For accurate loss estimation, Hoy is extracted from
a 2D FE model data separately as shown in Figure 4.10 for each turn and summed. The ferrite core
losses (Pge) are determined using the Steinmetz equation and integrating it over the core volumes [33]:

P = f f f K fEBPav (4.23)
\%4

where the Steinmetz parameters of the core material 3C-90 are x = 3.2E-3, @ = 1.46 and f = 2.75.
The peak AC flux density (B) is extracted from the 3D FE models as highlighted in Figure 4.11. Loss
due to eddy currents induced in the aluminium (Py)) is computed using the surface current density
equation [34]:

1
Pal:ff ~(Js.E")dA (4.24)
A2

where Js is the induced surface current density on the aluminium sheets and E is the electric field at
the surface boundary.

Polypropylene film capacitors from KEMET are considered for resonant compensation due to their
relatively low dielectric losses. The capacitor dielectric loss is calculated according to the following
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Figure 4.10: Example of proximity loss computation in a DD coupler with 30 turns and 10 A peak current:
(a) Surface magnetic flux density plot of a DD coupler in the xz plane for extraction of external magnetic field
intensity (ﬁext) penetrating the turns in the coupler, (b) plot of magnetic field intensity (Flext) penetrating the
transmitter coil turns. Presence of ferrite increases the H-field penetrating the coil turns while compared to an air
core coil, especially for turns located at the edge of the ferrites. In the absence of ferrites, eddy currents induced in
the aluminum shield reduces the H-field penetration since they oppose the magnetic field produced by the coil

turns in accordance with Lenz’s law.
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Figure 4.11: Example of peak AC magnetic flux density distribution (T) in the ferrite cores of a DD coupler. The
design of DD couplers is limited by the central region of the ferrites which carries the maximum flux.

equation [35]:

tand
cap = wC tms
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Figure 4.12: The overall IPT system for EV charging from the grid to the battery is presented. In this thesis, the
efficiency of power transfer from the transmission side DC link (U- 1,dc) to the receiver side DC link (U2,40)- There
are three power conversion stages in between: (1) the DC-AC stage of the high frequency inverter with efficiency
Niny, (2) the AC-AC stage of the magnetic couplers with efficiency mag, and (3) the AC-DC stage of the rectifier
with efficiency nrec. This leads to a total system power trnasmission efficiency of 1 = inyfmagrec-

The dielectric loss factor tané is chosen to be 0.1% at 100 kHz [36]. The power electronic losses include
the losses in the inverter and the rectifier (Piny, Prec). SiC Schottky diodes (C4D40120D) and Mos-
FET (C2M0025120D) by Cree are considered for the device loss models. The switching and conduction
losses are computed using the data provided in the manufacturer’s datasheet and equations presented
in [37].

Once all the losses in the couplers are computed resulting in total loss Py, the ac resistance (rc) of the
individual couplers is given by the following equation:

Pt P+ Pge + P,
Tac = I_; == 15 = (4.26)
where I is the driving current through a coupler. The total system transmission efficiency nr is then

determined by the following equation:

Pout

N1 = NinvImagTrec Pout + Prgt + Piy + Proc ( )

where Py is the power ouput computed at the terminals of the rectifier, Niny , rec » mag are the
efficiencies of the inverter, rectifier, and couplers respectively (see Figure 4.12).

To improve efficiency performance during both aligned and mis-aligned conditions, the optimal load
impedance matching algorithm with dual side control [22] is used which is briefly explained in the
upcoming section.

4.4.3 Optimal load matching with dual-side control

A dual sided control strategy [38] with optimal load matching algorithm is considered in this thesis.
Figure 4.12 depicts the overall IPT system with different conversion stages. The power is controlled
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by varying the transmitter side DC voltage U 4. and the receiver side DC voltage U, 4. based on the
following:
8 Ul,dc UZ,dc

Pout = —

4.28
72 oM (4.28)

where P, is the reference power requested by the battery, w is the angular frequency of the system,
M is the mutual inductance between the couplers. The DC link voltage (U, qc) in the pickup circuit
is controlled by a DC-DC converter before the battery. Optimal load impedance matching algorithm
as depicted in (4.20) is used in conjunction with dual-side control which results in maximum power
transfer efficiency for a certain operating condition. Accordingly, the reference value of the receiver DC
link voltage UZ 4c (see Figure 4.12) using load impedance matching is determined using the following
equation:

2

2 T Tac,2
UZ*,dC =~ ?anMPOHt

(4.29)

Tac,1

Therefore, U, ;. is used as a set point to ensure maximum power transfer efficiency. To ensure power
regulation, the set point value of the transmitter side DC link voltage U, . is calculated based on the
set point Uy ;..

During misalignment, the value of M changes which will lead to the change of set point value of Uy , ..
Active impedance matching can still be executed on real time with a new estimate of coupling (k') and
the new set point for the secondary DC link voltage will then be:

I N K
Unae = Uoac\ T (4.30)
During operation, the coupling co-efficient or the mutual inductance can be estimated online by

measuring the voltages and currents of the transmitter and receiver pads [39].

This concludes the numerical modelling strategy of the coupler concepts along with the system control
strategy. Before utilizing the models to optimize and compare different coupler geometries, they need
to be validated to establish confidence of trends derived from the optimization results. In the upcoming
section, the modelling strategy is validated with experimental results.

4.5 Experimental validation of modelling approach

The goal of this thesis is to compare different coupler geometries by multi-objective optimization which
is computationally intensive. Hence, a computationally efficient and reasonably accurate modelling
approach is necessary. Section 4.4 introduces a computational-friendly axi-symmetric 3D FE based
modelling strategy. To establish confidence in the modelling approach, time should be spent to examine
the integrity of the results obtained before using the modelling strategy for optimization. Thus, this
section will validate the accuracy of the developed modelling approach by experiments on a laboratory
prototype. Since the same modelling strategy is utilized for the different coupler geometries, validating
the modelling approach is sufficient. The accuracy of the modelling approach will be validated on three
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Table 4.1: Experimental component details

Part Property

SiC Cree: C2M008012D

RDS(on) =80 mQ (250 C)
Material type: P

Semiconductors

Ferrite
Nfe = 3
Litze AWG 41
’ Ngtr = 525
i DD-DD
Coils e 30
Capacitor olypropylene film/foi

tan § = 0.2 [EPCOS]

essential aspects: (a) magnetic and electrical parameters of the couplers, (b) loss prediction, and (c)
stray field estimation. To that end, the experimental setup built for this purpose is discussed in the
following section followed by comparing model generated results and experimentally obtained data.

In this thesis, an IPT system with DD coils will be utilized to validate the modelling strategy. This
system was initially designed for a power transfer rating of 2.5 kW across an air gap of 10.2 cm. The
experimental IPT schematic and the laboratory setup is presented in Figure 4.13a. It is comprised
of 3-¢p AC supply, a DC power supply, an 85 kHz square wave SiC-based H-bridge inverter, resonant
capacitor banks, DD coils and a resistive load. To simplify the experiments, a resistor is used instead of
the battery. The resistive load is realized using low parasitic thick film power resistors (TAP1000 series)
manufactured by OHMITE. Other details of the components used are presented in Table 4.1. The SiC
switch used to build the inverter (Figure 4.13c) is C2M0025120D (Rgs on = 25m£) manufactured by
CREE. The DD transmitter and receiver coils have similar designs with the number of turns equal to
30. The external diameter of the litz wire (AWG 41) is 2.6 mm. The number of strands is 525 with an
individual strand radius of 71 um. Three ferrite strips are used in the coil with dimensions: 230 mm x
6.5 mm x 6.5 mm. The ferrite material used is P manufactured by MAGNETICS. The resonant capacitor
banks are comprised of metalized polypropylene capacitors manufactured by KEMET and EPCOs.

4.5.1 Self-inductance, coupling, and misalignment

The magnetic properties of the coils will be validated in this section. Table 4.2 shows the measured
parameters at a nominal air gap of 10.2 cm and those obtained from the FE method along with the
calculation error relative to the measured values. It can be observed that the self-inductances are
calculated accurately by the used FE tool. The mutual inductance and magnetic coupling are also
accurate with all absolute errors less than 10%. The negative error appears for the magnetic coupling,
because in its calculation according to k = %, the calculation errors in the self-inductance and the
mutual inductance are combined. To validate the FE model over a wider operating range, the magnetic
coupling is measured during misaligned conditions in all three axes. The results are compared to those
obtained by the FE model and presented in Figure 4.14. It can be observed that the misalignment
behavior of the coil system is calculated accurately by the FE model.
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3x400V

50 Hz Power Supply

Transmitter Coil ~ Receiver Coil Load

Reactive Power Reactive Power  passive Rectifier
¢

HF Inverter
-

Compensation
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Figure 4.13: (a) The overall experimental setup is shown along with the circuit schematic, (b) The dd coil setup is
shown along with the dimensions. The receiver coil and the transmitter coil have similar design, (c) the SiC based
H-bridge inverter is presented in this picture.

4.5.2 System power losses

Experiments are conducted to validate the loss models of the coils including the resonant capacitors and
the power electronic devices. The total system loss is determined by post-processing the data extracted
from waveforms at different operating points. The experimentally obtained losses are compared with
the model generated losses at different power levels. The collected data is presented with the aid of bar
charts as shown in Figure 4.15. The data show good agreement between the experimental results and

102




4.5. Experimental validation of modelling approach

Table 4.2: Comparison of FE computed and experimentally obtained circuit parameters

Variable FE Model Experiment Error

L 211.2pH  205.1puH  +29%
Ly 2112pH  198.7pH  +6.2%
M 31.4pH 305uH  +2.9%
k 0.149 0.151 -1.5%

03
1 —A— Z-axis offset (exp)
— ¥ — Z-axis offset (FE)

Magnetic coupling (k)

Magnetic coupling (k)

0.04 —E— X-axis offset (Exp) N L i

- % - X-axis offset (FE) B [ 0.1 +
0.02 --0-— Y-axis offset (Exp) ~ 1

B Y-axis offset (FE) k] i

0 T T T T 0.05 T T T T T
0 2 4 6 8 10 6 8 10 12 14 16 18
Displacement (cm) Airgap (cm)
(@ (b)

Figure 4.14: Comparison of FE calculated magnetic coupling during misalignment with experiments. Variation of
k with, (a) x-y misalignment with constant z-gap of 10 cm, (b) z-axis misalignment with perfect alignment in x-y
axis.

the model generated loss values with percentage error varying between 10% - 15%. The percentage error
inloss estimation is 2-3 times compared to the percentage errors in parameter estimation (see Table 4.2).
This basically is due to error propagation as losses which depend on multiple parameters which in
turn adds up to the error. Additionally, the model ignores the temperature dependence of copper
resistivity. It uses the DC-resistance per unit length data provided by the litz wire manufacturer at 20°C.
In addition to that, the resonant capacitor banks consist of capacitors from different manufacturers
with different tan § values.

The distribution of the computed losses is also presented in the same plot. It is evident from the loss
distribution bar charts that the capacitor dielectric is the dominant source of loss followed by ferrite
core loss and copper losses. Shielding loss is almost negligible compared to other loss mechanisms
which are in line with results reported in [15]. High capacitor dielectric losses can be attributed to the
series-series compensation strategy which results in the capacitors carrying the full coupler driving
currents.

4.5.3 Stray field measurement

Field measurements were taken with a field probe to validate the accuracy of the stray field calculation.
The field probe used is EHP 50A manufactured by Narda. The comparison between rms stray field
measurements and FE computed fields is presented in Figure 4.16 which shows reasonably good
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accuracy.

This concludes the experimental validtaion of the modelling strategy presented in Section 4.4. The
differences of the results obtained from the modelling approach are in good agreement with the
experimentally obtained results (error of 3-5% in estimating the electro-magnetic parameters, 6-10%

[N Experimental loss
I Aluminium loss
I Capacitor loss
I Core loss

[ Copper loss (ac)
[ Copper loss (dc)
[T Rectifier loss
[ TJinverter loss

0.3 0.9

1.1 1.5 25

Puu,/, (kW)

Figure 4.15: Comparison of model computed losses with experimental loss data at different operating power at
an airgap of 10 cm. The distribution of computed losses is also highlighted at different power levels. Computed
losses are lower than experimentally determined losses with absolute average relative error of 15.2 %.
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Figure 4.16: Comparison of calculated and measured rms stray field of the IPT system at two different spots,
namely 30 cm from the receiver coil center in the z-direction and 90 cm from the transmitter coil center in the
x-direction. The average absolute value of the relative error with respect to the experimental values is 8.1 %.
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in stray field estimation, and 10-15% in predicting the overall system losses). Therefore, it can be
conluded that couplers optimized using this simulator will perform as expected in practice. Next, this
validated modelling strategy is utilized in a multi-objective optimization framework to fairly compare
the different coupler concepts.

4.6 Multi-objective optimization framework

A multi-objective optimization framework is developed in this section to compare the chosen coupler
concepts. It utilizes the numerical modelling strategy developed in Section 4.4 and experimentally
validated in Section 4.5 to evaluate the performance of the couplers. Initially, the system analysis
flowchart is described followed by discussion on the optimization targets, variables, and constraints.
Finally, the results of the optimization are presented and analyzed to compare among the coupler
concepts.

4.6.1 System analysis and performance parameters

The IPT system analysis is performed broadly in three stages. First, MATLAB is used to create the FE
models. Second, CoMsoL multiphysics is used to solve the FE models. Finally, the solved FE model
generated data is post-processed in MATLAB to obtain primary and secondary system performances.

Figure 4.17 shows the steps required to analyze a single IPT design in the optimization procedure. The
system active mass (msys) includes the mass of the ferrite cores, litz wire winding, and the aluminum
shielding. The gravimetric power density of the system is computed as : Y = Poyt/ Msys. The area power
density of the receiver coupler is calculated as: @ = Pyy¢/ Arec Where Ay is the receiver coupler area. The
system losses are re-computed during misalignment to determine the misalignment efficiency (nmis)-

This concludes the modelling strategy of the coupler concepts along with the overall analysis of a single
IPT design. Not all the steps are needed, depending on the objectives. The time required to evaluate a
complete design varies between 3 mins - 6 mins!.

ntel Xeon CPU E5-1620 v2 @ 3.70 GHz, 16 GB RAM.

Table 4.3: IPT system specfications

Symbol Description Value

6 Operational air-gap 15cm
Pout Battery power requirement 5 kW

f Operational frequency 85 kHz
Upatt Nominal battery voltage 400V
Ul,dc Input DC link voltage 850V
Uz,dc Pick up DC link voltage 400-850 V
Ax Lateral misalignment +15cm
Ay Longitudinal misalignment + 15cm

105



Chapter 4. Wireless Residential EV charging

Input System
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Calculate Coil Compute the self-inductance and
Parameters parasitic resistances of the transmitter
3D FEM Simulation and receiver coils using axi-symmetric
3D FE models.
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oI Y Compute the mutual inductance (M)

and coupling co-efficient (k) using

Calculate Coupling axi-symmetric / full 3D FEM models.
3D FEM Simulation

Step 3
Adapt the operating dc link voltages
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Derive the coil driving currents

Efficiency Maximization
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analytically.
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Compute Coil + Extract magnetic field data from FE
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Post-processing litz copper loss, core loss, aluminium
eddy loss.
Compute Power Step 5
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y Step 6
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Figure 4.17: System analysis flowchart for individual IPT designs during the optimization process

4.6.2 Optimization targets, and system specifications

The coupler concepts are compared on the primary performance factors like efficiency, power densities,
and misalignment performance. Based on that, the targets of the optimization are:
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4.6. Multi-objective optimization framework

1. Maximize power transmission efficiency ()
2. Maximize gravimetric power density (y)
3. Maximize receiver pad area power density («)

4. Maximize efficiency during misalignment (1ps)

The objectives mentioned above are selected strategically to ensure that the optimization progresses
towards designs with acceptable power densities and efficiency performance during both aligned and
misaligned conditions. Table 4.3 shows the IPT system specifications. The optimization algorithm used
for this problem is particle swarm optimization (PSO). PSO is an evolutionary gradient free algorithm
inspired by the movement of birds or insects in swarm which is gradient free and potentially requires
fewer function calls. In this paper, an approach based on placing particles on the border of the search
space using a combination of variable clipping and reflecting [40].

4.6.3 Optimization variables, and constraints

The design variables of the optimization problem are all geometrical parameters of different coupler
structures as shown in Figure 4.18. Ten geometrical parameters per coupler pad (transmitter and
receiver) are optimized to ensure high design flexibility and exhaustive design space exploitation. The
optimization variables and their range are presented in Table 4.4.

To ensure feasible designs, specific constraints are put on the optimization solution space as highlighted
in Table 4.5. A hard limit of 5A/mm? is placed on the litz wire current density to ensure thermal stability.
To avoid bifurcation phenomena (multiple operating modes), limits on coil quality factors are placed
by following bifurcation criterion proposed in [41]. The maximum flux density and the average flux
density in the ferrite cores during misalignment operation is set to be 0.35 T and 0.2 T respectively

2100% means the outermost ferrite strips are at the edge of the coupler and 0% represents that all the ferrites are together forming
ablock in the center.
3Represented as a percentage of the total coil length.

Table 4.4: Optimization variables and their range

. . Range

Variable Symbol - Unit ), 1y DD-BPP  DD-DDQ  Rect Circ
Number of turns N1, Nk - 15-60 15-60 15-60 20-65 20-65
Number of turnsin Q coil Ny - - - 15-60 - -
Diameter of litz wire it mm 2.4-48 24-48 24-48 24-48 24-438
Inner length li, n mm 10-35 10-35 10-35 10-75 10-75
Inner width wj mm 10-35 10-35 10-35 10-75 -
Ferrite thickness hige mm 5-35 5-35 5-35 5-35 5-35
Ferrite width Wre mm 15-45 15-45 15-45 15-45 15-45
Gap between ferrites? Wag % 20-100 20-100 20-100 20-100 -
Length of ferrite 3 Ie % 50-120 50-120 50-120 50-120  50-120
Number of ferrites Nfe - 1-7 1-7 1-7 1-7 2-12
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Figure 4.18: Design variables for (a) Circular coupler, (b) rectangular coupler and (c) DDQ receiver pad topology.
In the figures, the ferrite thickness (hy,) is a variable which is not shown. The optimization variables of DD-DD
and DD-BPP are similar to that of DDQ with the exception of the extra variables due to the Q coil. The coil spread

parameter (Cgp) is defined as: Csp = N x d, where N is the number of turns and d is the external diameter of the litz
wire which depends on the number of strands (7).

(saturation flux density for 3C-90 core material is 0.45 T). In addition to that, a constraint is placed on
the maximum core loss density at 800 kW/m? to ensure that the cores don’t get overheated. To avoid

Table 4.5: Optimization constraints

Symbol  Limit Unit Description
J <5 A/mm? Current density limit
kbi >1.5 - Bifurcation factor[41]
Bte max <35 mT Maximum core flux density
Be,avg <20 mT Average core flux density
Ptedensity <800 kW/m®  Core loss density
T =93 % Power transfer efficiency
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wasting computational cycles on those designs, the global target in the PSO algorithm was selected
from particles with at least 93 % efficiency. Coil designs which violate the above constraints are removed
from the repository. Coil designs which violate the above constraints are removed from the repository.

This concludes the development of the MOO framework consisting of 20 design variables, 4 perfor-
mance targets, and 6 constraints. The overall optimization is computationally expensive and requires
solving 3000-4000 designs to arrive at stable Pareto fronts. The optimization results are discussed in the
next section.

4.7 Optimization results

The optimization returns a 4D Pareto optimal front. A detailed analysis is conducted in three steps to
aid visualization and insight into the results. First, higher-level results are analyzed using sub-fronts
of two targets. At a second level, complete fronts are shown to aid explanation of underlying trends.
Finally, selected optimal designs are compared in depth. Figure 4.19 and Figure 4.23 show the side
views of the 4D Pareto optimal front which highlight the trade-offs between efficiency at alignment,
efficiency at misalignment, and power densities. To distinguish between the coupler shapes, only the
sub-fronts are shown. These plots show the maximum achievable performance in one parameter only,
disregarding the performance on other parameters. It means that the designs located on, e.g., the
1 —7 sub-front do not necessarily lie on the n,is — a. However, this representation can reveal strong or
weak coupler shapes based on the goals and provide insight into the limits of the performance goals
individually.
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Figure 4.19: Results of multi-objective optimization during perfect alignment operating conditions: (a) n— a:

pareto fronts of trade off between efficiency and receiver area power density, (b) n—y: pareto fronts of trade off
between efficiency and gravimetric power density.
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4.7.1 Pareto front analysis of designs during alignment

The trade-offs between IPT power transfer efficiency and power densities during alignment are shown
in Figure 4.19. Figure 4.19a show the Pareto fronts of efficiency during perfect alignment versus receiver
area power density of the couplers while Figure 4.19b show the Pareto fronts of efficiency versus
gravimetric power density of the couplers. A detailed analysis of the individual couplers is discussed in
the following.

The circular coupler is the best performer as it achieves higher efficiency of power transfer for both the
power densities than other couplers. IPT designs using circular couplers have higher coupling factors
for the same receiver area and material usage, as shown in Figure 4.20. Therefore, the pad driving
currents are lower for the same power transfers according to equations (4.16), and (4.17) leading to
lower copper losses as shown in Figure 4.21a. Further, circular couplers also have the lowest ferrite
losses (see Figure 4.21b). It utilizes more ferrite material for the same gravimetric power density than
other coils, as highlighted in Figure 4.22a. It leads to comparatively lower average flux density (Bayg) in
the ferrite strips (see Figure 4.22b), thus leading to lower ferrite core losses.

Rectangular couplers perform very close to circular couplers in the 1 - a front due to its superior
coupling characteristics leading to lower copper and iron losses. However, rectangular couplers perform
comparatively poorly compared to different coils in the 7 - y front, due to the mismatch between the
linear alignment of the ferrite strips and the fundamental flux pattern associated with a unipolar
rectangular coil. Therefore, it has lower coupling co-efficient for the same gravimetric power density
compared to other coil geometries. This leads to higher driving currents increasing both copper losses
and core losses.

The uni-polar couplers perform much better than the polarized family in the 1 - a front. Higher
coupling coefficients associated with uni-polar couplers for the same receiver pad area compared to
their polarized counterpart (see Figure 4.20a) results in lower driving currents for the same power
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Figure 4.20: Variation of coupling coefficient (k) of Pareto optimal designs with: (a) receiver pad area power
density, (b) gravimetric power density.
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Figure 4.21: Loss incurred in the Pareto optimal designs during perfect alignment: (a) copper losses, (b) ferrite
losses.

transfer. Within the polar couplers, the DD-DD coils perform the best in the 17 - a front followed by the
DD-DDQ. However, an interesting observation is that even though DD-DD couplers perform better than
DD-DDQ, the coupling coefficient of DD-DD coils is slightly lower than DD-DDQ. But DD-DDQ has
more losses in the rectification stages due to its multi-coil nature which needs independent rectifiers.
Finally, the DD-BPP coupler is the worst performer in the 7 - a front. Due to the overlapping nature of
DD-BPP couplers, it inherently utilizes more material to achieve the same area power leading to higher
self-inductances. Therefore, they have similar mutual inductance for higher self-inductances leading
to lower coupling co-efficient as seen in Figure 4.20a. In the 1 —y Pareto front, the DD-DD coupler
performs as good as circular couplers. DD-DD couplers utilize material very efficiently and have high
coupling factors for the same gravimetric power density. However, other polarized couplers do not
perform similar to DD-DD in this front. The DD-DDQ coils perform comparatively worse than DD-BPP
coils in the 17—y sub-fronts. This is expected since these performance parameters are computed during
perfect alignment, and DD-DDQ couplers have added weight and area due to the Q-coil. As shown by
the above analysis, that circular and rectangular couplers show higher attainable coupling k during
aligned conditions for the same area power density (&) than bi-polar couplers like DD-DD, DD-BPP
and DD-DDQ which is following the results reported in [15, 18, 19]. However, several publications
report that bi-polar pads like DD-DD have better coupling than circular couplers [7-9, 16]. It must be
noted that the comparative analysis presented in those papers is based on conceptual arguments like
fundamental flux height which depend on the specific parameters of each coupler design. In this thesis,
the couplers are optimized within specific design constraints which are not considered in the previous
papers. The results obtained from this section show that using fundamental flux height as a metric to
predict coupling of different coupler types is inaccurate.

However, it must be noted that the comparison trends derived from the presented optimization results
are only applicable to circular couplers with radial ferrite distribution and rectangular, DD-DD, DD-
DDQ couplers with longitudinal ferrite distribution. The general conclusions based on these trends
might not be the same if only air-cored couplers are considered.
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Figure 4.22: (a) Ferrite weight as a percentage of total coupler system weight in the pareto optimal designs, (b)
average flux density in the ferrite strips in the pareto optimal designs.

4.7.2 Pareto front analysis of designs during misalignment

The trade-offs between IPT power transfer efficiency during misalignment and power densities dis-
cussed in this section. The Pareto sub-fronts of njs-a and nyis-y are presented in Figure 4.23a, 4.23b
respectively.

The polarized DD-BPP coupler is the standout performer in both the sub-fronts especially in the npis-y
front. The dominance of DD-BPP coupler in all Pareto fronts regarding misalignment performance can
be explained by the complementary flux capturing of the BPP coils, leading to high coupling coefficients
even during misalignment (Figure 4.23c). Interestingly, circular coils show good misalignment effi-
ciencies just second to DD-BPP. In the 75 — a sub-front, circular couplers perform similar or slightly
better than DD-BPP at higher area power densities. Rectangular couplers also perform well in the
Nmis — @ sub-front, but its performance in the npy;s —y sub-front is the worst in the selected coupler
topologies. This highlights the inherent mismatch between the linear alignment of the ferrite strips
and the fundamental flux pattern associated with a unipolar rectangular coil, which is a disadvantage.
The DD-DD coil fails to replicate its performance during alignment in both the sub-fronts during
misalignment. It is the worst performer in the 15 — @ sub-front, while being better than DD-DDQ and
rectangular couplers in the ;s — @ sub-front. DD-DD couplers show poor coupling co-efficient for
the same area power density when designed for misalignment, as shown in Figure 4.23c. Finally, the
performance of DD-DDQ during misalignment is not very promising from a power density point of
view. During misalignment condition, the Q-coil captures additional flux leading to higher values of
mutual inductance. Although DD-DDQ couplers have significantly higher mutual inductances during
misalignment, their power transfer efficiency doesn’t show similar improvement due to additional
losses incurred in the Q-coil and associated rectification circuit. It is penalized for higher coil area
due to the Q-coil since the Q-coil tends to be larger than the individual DD coils due to high misalign-
ment. Additionally, the DD-DDQ coil is only advantageous if misalignment occurs in the longitudinal
direction (Y-axis) [8]. Therefore, the DD-DDQ coil performance is inferior to circular and rectangular
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Figure 4.23: Results of multi-objective optimization during misaligned operating conditions: (a) 7yjs — @: pareto
fronts of trade off between misaligned efficiency and receiver area power density, (b) nnis —y: pareto fronts of
trade off between misaligned efficiency and gravimetric power density, (c) coupling coefficient of pareto designs
vs receiver area power density during misaligned conditions, and (d) coupling coefficient of pareto designs vs
gravimetric power density during misaligned conditions.

coils since the design specifications (see Table 4.3) also include significant misalignment in the lateral
direction.

4.7.3 Stray magnetic field performance

The stray magnetic field generated by IPT couplers should comply with the guidelines set by IC-
NIRP [42]. It stipulates that the general public should not be exposed to RMS magnetic flux densities
greater than 27 uT (100 uT for occupational exposure). In literature, authors have chosen different
spatial points for spot measurements. Some examples are, 10 cm from the edge of a (1.5x1.5 m?)
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Stray point #1:z2=30cm

Stray point # 2: x =90 cm

Figure 4.24: Spot stray field measurements according to ICNIRP guidelines.The aluminum shielding on the
receiver pad is not shown but considered.

vehicle [43], 110 cm from the airgap center point on the lateral direction [15], 30 cm from the receiver
coil center in the vertical direction [22] etc. In this thesis, two points are taken for spot flux density
computation: (a) 30 cm from the receiver coil center in the vertical direction (z) and, (b) 90 cm from the
transmitter coil center on the lateral direction (x) as shown in Figure 4.24. The stray flux densities of the
Pareto designs for the different coils with coupling coefficient are shown in Figure 4.25.
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Figure 4.25: Stray field behavior of different coil concepts during perfectly aligned operation with coupling
coefficient: (a) Stray field computed at 0.3 m vertical (z-direction) from the receiver coil center, and (b) Stray field
computed at 0.9 m lateral (x-direction) from the transmitter coil center.
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4.7. Optimization results

DD-BPP couplers show the lowest stray field in the vertical direction. Due to its overlapping nature,
the fields generated by the individual coils cancel out each other in the overlap region leading to
very low stray fields. DD-BPP also has low stray fields in the lateral direction. The uni-polar coils
have significantly lower stray fields compared to the polarized family apart from DD-BP in the both
directions. In practical EV charging applications, there will be an aluminium vehicle body which will
further reduce this stray field value.

4.7.4 Comparison of selected Pareto optimal designs

In this section, detailed analysis on selected designs is conducted to gain deeper insights into the
performance trends discussed in the previous results. Since the couplers are optimized with different
conflicting objectives, it is difficult to select a single optimized design from each coupler family. To
ensure a fair comparison, optimized couplers of similar power densities are selected and compared in
detail. Figure 4.26 shows the selected particles in the 2D power denisty plot of all the Pareto dominant
designs. All the selected coupler designs have a receiver power density of 0.5 kW/dm? and system
gravimetric power density of 0.3 kW/kg.

Table 4.6 shows in-depth performance of the selected optimized designs of different coupler concepts.
The circular design performs the best in terms of both efficiencies during alignment and efficiency
during misalignment. The circular coupler design uses minimum copper material, whereas DD-DDQ
and rectangular design use the highest amount of copper. As shown in the Pareto-front analysis, the
efficiency and losses trends are similar to the data presented for the Table 4.6. Further, the stray field
behaviour is also in line with expectations with unipolar couplers being better performers. However,
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Figure 4.26: Selected Pareto optimal designs of all the coupler families based on similar gravimetric
and area power densities to ensure a fair comparison.
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Figure 4.27: Variation of coupling coefficient during: (a) misalignment in the lateral direction, (b) misalignment
in the longitudinal direction

DD-BPP shows promising stray field performance with the lowest fields in the vertical direction and
comparable field to unipolar couplers in the lateral direction.

The coupling coefficient of the selected coupler designs due to misalignment in longitudinal and lateral
direction are shown in Figure 4.27. In case of lateral misalignment in the x-direction, the unipolar
rectangular coupler show better tolerance than circular and other polarized couplers. The advantage of
the unipolar couplers is that they have inherently high coupling coefficients. Therefore, even if the drop
in coupling is significant compared to polarized couplers, the absolute value of coupling coefficient
remains high. Among the polarized couplers, the DD-DDQ performs pootly as the quadrature coil Q
is only activated during longitudinal misalignment. However, the polarized couplers perform much
better in longitudinal misalignment as shown in Figure 4.27b. The DD-DDQ shows high misalignment
tolerance due to the presence of the Quadrature coil (Q) with the coupling coefficient almost remaining
constant. DD-BPP couplers also show good misalignment tolerance in the y-direction. The unipolar
couplers along with DD-DD are not as misalignment tolerant in the longitudinal direction.
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Table 4.6: Comparison of selected Pareto Optimal Couplers

Performance Group Performance Metrics Symbol Unit Circular Rectangular DD-DD DD-DDQ DD-BPP
Receiver area power density a kW/dm? 0.5 0.48 0.5 0.5 0.5
Gravimetric power density Y kW/kg 0.28 0.3 0.322 0.29 0.29
. Copper weight Weu kg 1.7 4.3 24 4.8 2.2
Coupler Sizing Ferrite weight Wre kg 13.3 7.8 10.6 9.7 12
Receiver weight Wrec kg 9 5.8 2.7 5 6.1
Transmitter weight Wiy kg 8.8 11 13 12 11.3
Magnetic link Efficiency Nmag % 98.6 97.7 98 97.8 97
Coupling co-efficient k - 0.23 0.22 0.18 0.17 0.15
Ferrite average flux density Bavg mT 75 120 90 80 120
Ferrite loss Pse W 7 46 17 22 31
Performance during alignment Copper loss Py w 13 19 26 26 43
Capacitor loss Weap w 46 46 57 64 74
Shielding loss Wa W 5 4 4 5 3
Stray Vertical Byert pT 16 17 57 43 13
Stray Lateral Biat pT 4 6 9 9 7
Magnetic link Efficiency Nmag % 93.4 90.7 89.9 93.1 91.1
Coupling co-efficient Kmis - 0.05 0.06 0.04 0.08 0.05
Ferrite loss Pge w 55 238 148 107 133
Performance during misalignment Copper loss Pey W 64 72 130 130 124
Capacitor loss Weap \ 217 174 270 124 227
Shielding loss Wal W 20 27 16 20 12

LT

symsax uopeziwmdQ L'F
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To summarize the detailed comparative evaluation of the selected IPT couplers, a radar chart high-
lighting the relative advantages and disadvantages of each coupler types in terms of efficiency, power
densities, material effort, stray field and misalignment performance is shown in Figure 4.28. It must
be noted that the performance factors analysed in IPT systems are mutually conflicting in nature.
Therefore, the relative grades assigned to individual coupler shapes represent the absolute maximum
performance in only that category. This concludes a detailed comparative analysis of the primary and
secondary performance parameters of the considered coil topologies.

4.8 Conclusion

In this thesis, inductive power transfer (IPT) is proposed as a solution to EV charging integration for
DC smart homes. Selecting the right magnetic coupler is crucial to ensure a high-performance IPT
system. To that end, this chapter presents a holistic comparison of five coupler concepts: circular,
rectangular, DD-DD, DD-DDQ, and DD-BPP. The main advantages and disadvantages of the five
IPT coupler concepts are discussed with multi-objective Pareto analysis. Detailed experiments are
conducted on a laboratory prototype to validate the models. Thus, the analysis is accurate. Some
important results obtained are:

1. Circular couplers have the best efficiencies and coupling coefficients for the same power den-

Efficiency
—e—Circular
—e—Rectangular
Double D-D (DD-DD)
—e—Double D-DQ (DD-DDQ)
X —o—Double D-BPP (DD-BPP)
Material effort
Stray field
Receiver size Misalignment tolerance (y)

Misalignment tolerance (x)

Figure 4.28: Comparative qualitative evaluation of different IPT coupler topologies for various performance
metrics.
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sities among all concepts during perfectly aligned conditions. Circular couplers use the most
ferrite material and the least copper material among all the coupler topologies for the same
performance.

. The unipolar couplers outperform the polarized couplers for the same receiver area power

density (a), with higher power transmission efficiency by 1%-4%. This is caused by higher
average core flux densities and lower absolute coupling k in the polarized couplers.

. Rectangular couplers perform poorly in the 7 — y metric and thus lead to heavier designs for the

same efficiency. However, rectangular couplers show good misalignment tolerance in the lateral
direction (x) perpendicular to the direction of driving.

. DD-DD coupler shows high efficiency for the same material effort or gravimetric power density.

. While designing for high efficiency during misalignhment, DD-BPP is the best coupler topology.

However, the misalignment tolerance of DD-DDQ is better than the rest with low fluctuations of
coupling co-efficient, especially in the direction of driving (longitudinal or y-direction).

. In terms of stray fields, DD-BPP shows good performance with very low stray fields in the vertical

direction. The circular and rectangular couplers have lower stray flux densities in the lateral
direction compared to polarized couplers.

In conclusion, the presented multi-objective IPT optimization process provides a platform for a sys-
tematic comparison of all the popular coupler concepts that allow Pareto tradeoffs to be taken into
account during the initial design phase. In IPT applications without misalignment, circular coupler
provides the best performance. Optimized circular couplers are more efficient, lighter, and smaller
compared to all other topologies. Besides, they have lower leakage flux in both vertical and lateral
direction. However, in IPT applications requiring misalignment operation, DD-DDQ provides the best
misalignment tolerance, and DD-BPP shows the maximum achievable efficiency.
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Optimal System Sizing of DC Homes

In residential houses, there is a temporal mismatch between the PV profile and the house load profile.
This is due to a combination of seasonal nature of PV power generation and user behaviour. To mitigate
this, an energy storage systemlike battery is used in conjunction with the PV system to compensate for the
long-term and short-term imbalance between power generation and demand. To that end, it is necessary
to optimally size PV and battery systems for reducing grid dependency in terms of both energy and power.
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Based on:

1. "Techno-economical Model based Optimal Sizing of PV-Battery Systems for Microgrids",
IEEE Transactions on Sustainable Energy, vol. 11, no. 3, pp. 1657-1668, July 2020, doi: 10.1109/T-
STE.2019.2936129.

2. "Comparison of Battery Technologies for DC Microgrids with Integrated PV," IEEE Third Inter-
national Conference on DC Microgrids (ICDCM), Matsue, Japan, 2019, pp. 1-9, doi: 10.1109/-
ICDCM45535.2019.9232746.

5.1 Introduction

Increasing energy consumption of buildings (both residential and commercial) has led to 40% of
total energy consumption in developed countries [1]. The rise of energy demand in buildings will
continue in the near future because of population growth, urbanization, increasing penetration of
electric vehicles (EVs) [2], and electrification of household heating [3, 4]. To that end, a centralized
nanogrid with integrated rooftop solar and battery-based energy is proposed in this thesis to make
future households and buildings more efficient and energy-independent to reduce the burden on the
overhead grid.

However, a significant investment cost is associated with battery and PV systems. In addition to battery
and PV, the grid-interfacing converter’s sizing connecting the nanogrid to the utility grid needs to be
considered in the optimization. Since there are numerous design degrees of freedom like PV design
variables, storage sizes, the converter rating and battery technologies, a fundamental question arises:
What is the optimal and cost-effective PV installed power, converter rating and storage capacity mix
that minimizes the annual cost of electricity, maximizes self-sufficiency while considering battery
degradation? This problem complexity demands a multi-objective optimization based solution where
the underlying trends can be visualized by analyzing trade-offs between mutually conflicting objectives.
Compared to AC nanogrids for buildings or households, the system sizing problem in DC nanogrid
has an additional design variable: the front-end converter’s rating. Therefore, existing literature on
optimal sizing strategies of PV-battery systems for AC residential application can be utilized in the DC
application as well.

Literature review

Several publications have proposed optimal sizing of PV-battery systems by maximizing the economic
value created by using battery and PV system, focusing on improving self-consumption or energy
autonomy [5, 6]. Other studies have focused on the optimal sizing of only the battery to maximize
peak-shaving [7-9]. A MILP based optimization model for system sizing for grid-connected and off-grid
nanogrids is presented in [10-12]. However, there are several limitations in current literature regarding
the optimal sizing of PV-battery systems for nanogrids. First, most studies focus on a single objective
like increasing self-consumption, or reduce demand peaks or maximize economic benefits [8, 10, 11].
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5.1. Introduction

Due to the mutually conflicting nature of the targets, the single objective optimization approach cannot
provide valuable insights regarding the trade-offs between these objectives. Additionally, the inherent
simplification associated with formulating a complex multi-objective problem into a weighted single
objective problem fails to capture underlying trends. Second, in PV system modelling, most studies use
solar irradiation as the only input [13], occasionally combined with temperature [10]. Some studies
utilize more accurate PV models that consider the tilt and azimuth angle of the panel orientations.
However, during the design process, they select fixed values of tilt and azimuth angle [9, 14] for
maximum solar generation. This approach may not result in optimal PV and storage sizes as they
do not consider the degree of temporal match of the PV profile and the load profile. Third, many
studies do not take into account the effect of load profiles and power management strategy on battery
lifetime [6, 8, 12]. Fourth, the impact of incentives given by real-life electricity tariffs on the optimal
sizing is not investigated in the literature [9, 10]. Another drawback of most studies is that they use
load profiles with a resolution of 15 min to one hour, which in substantial errors (>5%) in determining
self-consumption [5].

Contributions

This chapter aims to develop a multi-objective optimisation (MOO) framework to solve the system
sizing problem for a grid-connected residential microgrid system to incorporate multiple mutually
opposing objectives while taking into account the effect of battery degradation, incentives like feed-in
tariffs, and PV system orientation. The developed MOO framework is applied to optimally size the
PV-battery-converter system in two residential load profiles in Cabauw, Netherlands (NL), and in Austin,
United States (US). Additionally, three battery technologies, lithium-ion, lead-acid, and vanadium
redox flow batteries, are compared in their techno-economic feasibility. The main contributions of this
paper compared to previous works are:

1. Develop a multi-objective optimisation framework to size PV system, grid converter, and battery
storage capacity resulting in Pareto fronts of trade-offs between multiple objectives like lifetime
capital cost, self-sufficiency, power autonomy and simple payback period.

2. Investigating the performance of three different battery technologies in residential grids, namely:
lithium-ion, lead-acid and vanadium redox flow.

3. Study the effect of solar meteorological potential on optimal PV and battery sizing by comparing
results on two different geographical locations: Cabauw, NL and Austin, US.

4. Investigate the effect of electricity pricing tariffs and feed-in tariffs on optimal sizing of PV and
battery system.

5. Draw guidelines for selecting the optimal azimuth angle for a residential PV system.

6. Derive sizing equations and thumb rules to optimally size PV-battery-converter systems for
microgrids based on solar potential and specific load profile.
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Chapter outline

The chapter is structured into five parts. In Section 5.2, the techno-economical model of the microgrid
is presented. Section 5.3 develops the multi-objective optimization (MOO) framework and optimizes
the sizing of PV-battery based microgrid for two residential load profiles in NL and US. Further, the
effect of battery chemistry on relative sizing is also considered. The results of the multi-objective
optimization are presented and analyzed in two different sections. Section 5.4 derives insights into
optimal design and thumb rules for optimal system sizing looking at the effect of solar potential, and
section 5.5 presents a detailed comparison of the techno-economical performances of three battery
technologies. Finally, general conclusions are summarised based on the results.

5.2 Techno-economical model of a nanogrid

A techno-economical model of PV-battery based nanogrids are developed in this section. The technical
model comprises the PV system model, the battery lifetime model, and the power management model.
The economic model presents the methodology to compute the lifetime cost, which consists of the
capital cost and the operational cost. Finally, the figure of merits (FoMs) of a grid-connected PV-battery
based residential nanogrid are highlighted based on the different metrics produced by the two models.

The technical model is presented in three sub-sections. First, the power and energy output of a
rooftop PV system is modelled considering azimuth and tilt angle of the PV panels. Second, the
power management strategy to control battery bank power is presented. Finally, the methodology of
estimating the battery lifetime of the selected battery technologies is discussed briefly.

Power flow equations

The power required by different loads in a household (Pjy,4) at a certain instant can be provided by
one or different combinations of three sources: the grid (Pgiq), PV system (Ppy) and the battery energy
storage (Ppess)- Therefore, the main power flow equation can be written as:

Pioad (1) + Ppy (1) + Pgrid (£) + Ppess () = 0, VieT (6.1

subjected to the following constraints:

0<Pp () <PV™™(r), VteT (5.2)
PP <Phess(f) <Pposs,  VteT (5.3)
—Porid <Pgria() <Pgi,  VieT (5.4)

where PV™®(z) is the maximum PV production at any time instant, P7%% is the maximum power that
can be supplied by the battery converter and P’g‘:iac’f is the rating of the bi-directional front-end converter
interfacing the utility grid and the DC house.

Figure 5.1 depicts the power flow equation (5.1) at the point of common coupling (PCC) of all the
different loads and the sources interfaced with power converters. Therefore, to model the power
dispatched by different sources, these interfacing power converters’ efficiency needs to be considered.
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Figure 5.1: Power flow between different sources and loads in the DC nanogrid

To that end, different sources are modelled in the following.

Depending on the direction of the power flow, the power processed and the State of Charge (SoC) of the
battery bank can be presented by the following:

Ppess (1)

Py (t) = ————— V Ppess (1) <0 (5.5)
o T conv-batt /Tbatt oS
Pratt (1) = Nconv-batt vNbatt Pbess (£) V Ppess (1) =0 (5.6)
P t
SoC(8) = SoC(t — Ap + 2ot x, 5.7)

batt

where 1¢onv-batt 1S the efficiency of the DC-DC converter, Cyq is the nominal capacity, and npay is the
round-trip efficiency of the battery. The DC house is interfaced with the utility grid with a converter
capable of bi-directional power flow. Therefore, depending on the direction of power flow, the power
delivered/fed into the grid is modelled using the following:

Pgria(1)
Py = 22— V Pgiiq(1) >0 (5.8)
Ngrid
Pyt (1) = Ngrid Pgria (1) V Pgriq(£) =0 (5.9

where 7414 is the grid-tied converter efficiency whcih can be obtained from manufacturer’s datasheet.
The value of 7144 is dependent on the power processed by the converter Pgiq(#). Since this study
does not focus on system losses, we will ignore the dependence of converter efficiency on Pgiq(#) and
assume a constant value.

The PV panel array is interfaced to the common DC bus with a DC-DC converter which tracks the
maximum power point (MPPT) of the PV array. Since power flows only in one direction, the PV
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Figure 5.2: (a) Annual energy yield of a 5kW PV system in: Cabauw, Netherlands, (b) Annual energy yield of a 5 kW
PV system in: Austin, Texas.

power (Ppy) supplied at the point of common coupling (PCC) can be presented as :
va(t) = 77conv»pvpsolar(t) VPgrid(t) >0 (5.10)

where 7)conv-pv is the efficiency of the solar MPPT converter and P, (£) is the energy generated by the
PV panels at a particular time instant.

5.2.1 PV system modelling

An accurate PV system model is built in this paper to estimate the energy and power generated by
the rooftop PV array. Based on meteorological data of Netherlands and Texas, US, Global Horizontal
Irradiance (S, Diffuse Horizontal Irradiance (SP™!), Direct Normal Irradiance (SPN) and ambient
temperature (T,) are obtained. The PV array is modelled in MATLAB using Sun power E20-327
modules rated at 327 W. To compute the power generated by a PV module with an azimuth (A;,) and
tilt angle (0), an estimate of the solar irradiance (S,) on the module is required. To that end, a solar
position calculator is built by which the azimuth (As) and the altitude (ag) of the sun throughout the
year at any location can be estimated.

At a certain sun position, the irradiance on a panel with a specific orientation (Ap,, 0m) can be computed
using the geometric models and the isotropic sky diffused model:

SE]NI = §PNI [sin Oy, cos ag cos(Am — Ag) + cos Oy, sin ag] (5.11)
1+ cosé

SDHI _ gDHI C;’S m (5.12)

Sy = SE]NI " SBHI (5.13)

where S2H! SDNI are the components of DHI and DNI which are incident on the panel. The above
equations show that the solar energy generation by a panel can be controlled by changing the module
azimuth (Ap,) and the tilt angle (6y,).
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To improve the PV model accuracy, the effect of the ambient temperature on solar power generation is
also taken into consideration. The E20-327 PV module is rated for 327 W at the ambient temperature of
25°. For other ambient temperatures, the PV array output power Pgqo(#) at a certain time instant can
be computed using [15]:

Sm(Tnoct — 20)

Teen=Ta + T (5.14)
Ny PrSm[1 =y (Teen —25)]
Pyolar (1) = i 1000 = (5.15)

Figure 5.2 shows the annual energy yield for a 5kWp PV array for different azimuth angle and module
tilt is estimated for the case of Netherlands (NL) and Texas (TX) based on equations (5.11)-(5.15). In
case of Netherlands, the maximum annual yield is 5800 kWh obtained for south-facing panels with
Am=185°, 0= 28°. The maximum energy yield of 7830 kWh for Austin, Texas is obtained for panels
with A= 1752, 0= 18°.

The lower tilt angle in Austin, Texas, is since Texas is at a lower latitude than the Netherlands. However,
the maximum annual energy yield in Austin, Texas, is 35% higher than that of the Netherlands. To
elaborate the effect of module azimuth orientation, Figure 5.3 shows the power output profile of a
5 kW PV system during a summer day in the Netherlands with different azimuth (Ay,) angles at an
optimal tilt angle of Oy, = 28°. By changing the azimuth, the time of the day when maximum PV power
is available can be controlled at the cost of a lower energy yield. To investigate the effect of module
azimuth on optimal storage size sizing, the azimuth angle (Ap,) is considered as a design variable in the
optimization framework.

5.2.2 Battery lifetime modelling

The battery cost plays a key role in the overall system cost. Therefore, their lifetime may have significant
implications on total operational costs over the long-term and should not be neglected. The usable
capacity of a battery reduces over time with each charge-discharge cycle. This is called cyclic ageing [16].
The battery capacity can also fade even when it is not used, i.e. held at a constant state of charge (SoC)
level. This is known as calendar ageing [17]. Therefore, an additional cost of battery replacements
during the system service life should be considered during PV and battery system sizing optimization.

Table 5.1: Parameters of Sun power E20-327 module

Parameter Symbol \ Value

Area of module (m?) Apy 1.63

Nominal Power (W) P, 327

Avg. Panel Efficiency (%) n 20.4

Rated Voltage (V) Vipp 54.7

Rated Current (A) Impp 5.98
Open-circuit Voltage (V) Voc 64.9
Short-circuit Current (A) Isc 6.46
Nominal Operating Cell Temperature (°C) | Tnocr | 45+2
Power Temp Coefficient (%/°C) Y -0.38
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Figure 5.3: Power generated by 5 kW PV system for a summer day (Day 165 of year 2017) in Netherlands for
different azimuth angles = 0°, 1009, 180°, and 260° with constant tilt angle of 28°.

Rechargeable batteries, regardless of the choice of technology, show a decreasing performance with
usage/time. This reduction of battery performance is termed battery ageing. SoH is a subjective term,
and researchers interpret it depending on the type of applications. For applications that use a battery
as a primary energy source, such as consumer electronics, electric vehicles, and grid storage, they are
more susceptible to capacity fade than power fade. In literature, battery ageing is characterised and
quantified by the term state of health (SoH). For residential based grid storage application, capacity
fading (permanent capacity loss) is used as the primary indicator for the battery’s SoH. By convention,
in EV batteries, the end-of-life (EOL) condition is reached when the battery capacity has dropped to 80%
of its nominal capacity [18]. The same convention is used in this analysis for residential applications.
Therefore, the SoH of the battery becomes:

SoH = (1—i).100% (5.16)
Qo

where ¢ is the total capacity fade of the battery during operation and Qy is the battery’s nominal capacity.
It can be seen that when 20% of the nominal battery capacity has faded, the SoH of the battery becomes
80% based on (5.16), and thus the battery system has reached the end-of-life (EOL) condition.

However, different battery technologies age at different rates and have different round-trip efficiency.
To that end, battery lifetime models for the three battery technologies considered, namely: lead-acid,
lithium-ion and vanadium redox flow, are discussed next.
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Lithium-ion battery

The capacity fading of Li-ion battery cells is a complex process depending on multiple degradation
mechanisms, which can be even further accelerated by different external and internal stress factors
based on operating conditions [16]. As already mentioned, capacity fading can be further divided into
the two categories: (a) Calendar aging [19], and (b) Cyclic aging [16]. However, it has been reported that
cycling losses have a more dominant effect on capacity fading than calendar losses [20]. To that end, in
this research, the effect of calendar ageing on capacity fading in lithium-ion batteries is neglected. As
already highlighted, the capacity fading of a battery is a function of the battery’s operating conditions.
A brief literature review on the effects of different operating conditions on a lithium-ion battery lifetime
is presented in Table 5.2. Definitions of SoC and DoD are based on [25] and they are presented below :

SoC = 2 (5.17)
Qo

DODZifI(t)dt (5.18)
Qo

where Q is the instantaneous amount of charge, Qq is the nominal capacity of the battery, and I is the
discharge current. From Table 5.2, it is clear that DoD, SoC and temperature are critical to the battery
lifetime. In this research, the effect of temperature on battery life is not considered since this study’s
primary focus is system-level storage optimization. Based on the literature review presented above,
a battery lifetime predicting model is developed in the next section. There is extensive research on
battery lifetime modelling reported in the literature. Majority of the studies are on empirical modelling
approach based on experimental data [21, 24-26]. Electrochemical based battery models are also
reported in literature [27]. Models based on advanced mathematics and machine learning algorithms
can also be found in literature [28, 29].

The main challenge is to find an optimal trade-off between model accuracy and complexity. Generally,
in storage optimization literature, the battery life is determined from models based on the number

Table 5.2: Effect of different operating conditions on battery lifetime

Parameter | Description ‘ Effect on Lifetime
Depth of [.21] reports batteryl cycle .
DoD discharee life as an exponential function
8 of DoD
High average SoC of a battery
State of increases capacity fading. SoCs

SoC below 20% lead to mechanical

charge stress with lithium
intercalation [22]
Charging/ Crate h.ave n(? direct ef.fecF on .
C discharging capacity fading, only indirectly in
rate form of temperature rise due to
current

ohmic heating [? |
Battery cell | High temperatures leads to stress
temperature | and reduces lifetime [16, 24?2 |

Tbatt,cell
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of battery cycles and their corresponding depth of discharge (DoD) [11, 30]. However, in the case of
lithium-ion batteries, researchers have shown that in addition to the depth of discharge, other stress
factors like average SoC also affect the cyclic capacity fading rate [262 ]. Therefore, in residential
applications associated with diverse battery cycles modelling, battery life with only DoD is not enough.
To that end, in this research, an empirical model based on [26] is used to model the capacity fading
in lithium-ion batteries, which takes into account the effect of stress associated with average SoC in
addition to cycling DoD. A brief description of the methodology is presented in Appendix B.

Lead acid battery

The Schiffer weighted Ah-throughput model [31] is used in this study to model the lifetime of the
lead-acid battery. Like the lifetime model of lithium-ion battery presented in the previous section, the
Schiffer model for lead-acid batteries assumes that real-life applications’ operating conditions are more
severe than those used in cyclic standard tests. Therefore, the actual Ah throughput is multiplied by
several weight factors associated with different operating conditions like battery SoC, charge/discharge
current etc. A detailed description of the Schiffer modelling approach is not in the scope of this
thesis. However, interested readers can refer to [32], which experimentally validates the battery lifetime
modelling approach for household applications.

Vanadium redox flow battery (VRFB)

The Vanadium redox flow battery differs from conventional battery storage in that the amount of
energy it can store is independent of its power rating, which allows better flexibility in sizing the battery
energy storage for microgrid systems [33]. The initial capital and maintenance costs for the VRB are
still relatively high in comparison to other ESS. One of the crucial advantages of VRFB is the long
calendar and cycle life with more than 200,000 cycles [34]. Therefore, replacing the entire battery for
the VRFB system during the system lifetime for residential applications is not required, like Lithium-ion
and lead-acid battery. The VRFB system requires timely replacement of the membrane and annual
preventive overhaul [35], which are accounted for in the economic model.

This concludes the battery degradation modelling for different battery technologies. The models
presented are derived from battery models in the literature, which consider the stressing factors
associated with real-life applications. However, real-life applications like household do not have well-
defined battery cycles, making it challenging to estimate capacity fading since the equations are based
on well-defined cycle parameters like S0Cyyg, and DoD. To that end, the next section discusses the
methodology of estimating capacity fading and battery lifetime from real-life battery SoC profiles.

Rainflow counting algorithm

Traditionally, to calculate the total capacity loss of a battery over a given time horizon, the capacity
degradation is computed for every cycle that occurs. To that end, the total number of cycles and their
respective S0Cayg, DoD, and SoCqey need to be computed. A modified fast rainflow algorithm [36] is
used on annual SoC profiles of the battery to extract the number of cycles along with their characteristic
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Figure 5.4: Cycle extraction based on Rainflow algorithm on an SoC profile.

data. An example of the extraction of cycle data is on a synthetic SoC profile is shown in Figure 5.4.
Therefore, the annual capacity fade ({y) of a battery for a given annual SoC profile can be computed
using the per cycle capacity fading model along with the cycles extracted by the rainflow algorithm.
Then, the battery lifetime (7a) becomes:

0.2Qo

(5.19)
Sy

TBatt =

In the next section, the power management strategy of the different sources and loads of the DC house
is presented. Finally, the effect of varying power management strategies on battery degradation is
shown.

5.2.3 Power management strategy

The goal of the power management strategy is to determine the charging/discharging power of the
battery Ppess () and grid power Pgig(f) at a certain time instant based on the load power Pyy,4(f) and
PV power generation Ppy(¢) at that particular instant. Multiple solution pairs [Pgrid (), Ppess (1)] exist
for the power flow equation (5.1). In literature, several studies on power management algorithms
can be found ranging from simple state diagram based approach [15] to more complex optimization
based algorithms like mixed integer linear programming (MILP) [37, 38], mixed integer nonlinear
programming (MINLP) [39], dynamic programming [40, 41] and multipass iteration optimization
approach based on evolutionary algorithms [42].

133



el

Only applicable if electricity provider
has TOU (time of use) electricity tariffs

Price = Low

* Buy Pg max from grid
* Get extra from Ppa

Buy Ppi
from gri Shed
non-critical load

Figure 5.5: State diagram for operation of PV-Battery based grid connected DC households. The highlighted box part of the algorithm is only applicable to households whose eletricity
providers offer time-of-use (TOU) rates for energy. For electricity providers with flat rates, that part of the algorithm is not considered.

sawioy D Jo Surzis wdsAg rewndQ g 191deyn



5.2. Techno-economical model of a nanogrid

Different power management algorithms will lead to other solutions to the optimal storage and PV sizing
problem. In this study, a state-machine based power management algorithm approach is considered
due to its simplicity, low computational requirement and ease of real-life implementation. Figure 5.5
shows the state diagram for the operation of the grid-connected DC house with integrated local storage
and PV system. As highlighted in the figure, there can be two variants of the power management
strategy: (a) a time-of-use (TOU) algorithm which uses the grid as the primary source for the excess
power required if grid prices are off peak (NL Eneco price structure), (b) battery as primary source (BP)
algorithm which uses the battery as the primary source of power all the time. The TOU algorithm is
only applicable for Netherlands (NL), where the electricity tariffs have on-peak and off-peak prices
whereas, the BP algorithm applies to both NL and US. Since both the algorithms can be used for the NL
DC house, the optimal sizing solutions will differ.

Figure 5.6 shows the power profiles of the grid, battery, PV and load along with the SoC of the battery on
a summer day in NL using the TOU algorithm and the BP algorithm. It is evident from the figure that
the BP algorithm will reduce the grid dependency and electricity bill compared to the TOU algorithm.
However, the BP algorithm results in a deeper depth of discharge (DoD), which may accelerate the
battery’s accelerated degradation. Figure 5.7 and 5.8 show the effect of different power management
algorithms on battery degradation for different battery technologies in case of Netherlands and the US.

This concludes the details of the technical model of the grid-connected DC house. The economic
modelling approach is presented in the next section. The goal is to combine the technical and financial
models to form a holistic model to be used in the optimization framework.
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Figure 5.6: Power profiles (1 minute resolution) of different sources and overall load along with battery SoC profile
on a summer day (day = 240) in Netherlands with: (a) Time of Use (TOU) algorithm, (b) battery as primary source
algorithm. The simulated house has installed PV power is 5 kW, a lithium ion battery of 10 kWh capacity with Cyate
of 1 and a 5 kW front-end converter.
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Figure 5.7: Power management strategy and battery degradation in the Netherlands: (a) Annual SoC profile of
a 10 kWh battery used for the NL load profile in conjunction with 5 kW PV with the time-of-use (TOU) power
managmenet algorithm, and (b) Comparison of annual capacity fading between a Li-ion and lead-acid battery. It
is evident that the battery degradation rate is lower for both battery technologies during summer in NL due to low
loads and therefore low DoD cycling of the battery.
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Figure 5.8: Power management strategy and battery degradation in Texas, US: (a) Annual SoC profile of a 10
kWh battery used for the US load profile in conjunction with 5 kW PV with the battery as primary source (BP)
algorithm, and (b) Comparison of annual capacity fading between a Li-ion and lead-acid battery. It is evident that
the battery degradation rate is higher for both battery technologies during summer in the US due to higher load
demandleading to deeper DoD cycling of the battery.

5.2.4 Economic model

An economic model of the nanogrid is required to quantify the benefits of installing a PV and battery
system in grid-connected nanogrids. The economic benefit comes from savings in the electricity bill
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due to: (a) using PV energy and battery stored energy for household loads, thereby reducing grid
dependency, and (b) selling unused PV power to the grid.

During the system lifetime, the system’s total cost can be divided into two parts: (a) capital cost and
(b) operational costs, which include the cost of electricity. The cost of battery replacements and
maintenance is considered within the capital costs. Thus, the total capital cost (x(ota) Of @ PV-battery
integrated grid-connected DC house can be formulated as the following:

Ktotal = Kbatt + Kpv + Kgrid-conv (5.20)

where, Kpatt, Kpv, and Kgrid-conv are the capital cost associated with the battery storage system, PV
system, and the front end grid converter. The three cost categories are further explained by the
following equations:

KBatt = Thatt Cbatt(nreplace +1) (5.21)
Kpv = npvppv,r (5.22)
Kgrid-conv = ”convpgrid—conv,r (5.23)

where 7yay, Tpy, and Teony are unit-price for the battery system, the PV system, and the grid interfacing
CONVErter. Nyeplace denotes the number of battery replacements needed during the total system lifetime.
Table 5.3 shows the values of the constants used in the economic model along with their sources. 7y,
Tpy, and Tcony are unit-price for the battery system, the PV system, and the grid interfacing converter.
Mreplace denotes the number of battery replacements needed during the total system lifetime. Table 5.3
shows the values of the constants used in the economic model along with their sources. Equation (5.21)
is only applicable to lithium-ion and lead-acid based ESS system. The cost structure of Vanadium redox
flow batteries (VRFB) is different from other ESS like Li-ion or lead-acid due to its unique characteristic
of independent scalability of power and energy storage capacity. The power is defined by the energy
converter’s size (the cell stack), whereas the energy is defined by the amount of positive and negative
charged electrolyte stored in two tanks. To that end, the VRFB cost structure used in this study is based
on the model detailed in [35], which is based on the power rating and the energy rating of the VRFB
system. The model computes the total lifetime cost of a VRFB based system, including initial investment
cost, converter cost and maintenance/replacement cost. Next, the electricity tariffs associated with NL
and the US are discussed in detail.

Table 5.3: Overview of Economic Parameters

Parameter Symbol | Unit | Value
Converter T conv $/kW 100
PV system [43] TTpy $/kWp | 1350
Lithium-ion BESS [44] 500
Lead-acid BESS [45] Thatt $/kWh | 200
Vanadium redox BESS [35] -
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NL tariff

The electricity tariff in the Netherlands chosen for this study is based on Eneco residential rates [46].
Eneco tariff is based on time-of-use (TOU) prices with peak and off-peak rates as shown in Table 5.4.
Based on the data provided, the total electricity bill (kejec) can be computed based on the following:

Table 5.4: Netherlands Eneco Electricity tariffs

Tariff Type | Symbol | Time (hours) | Value (€/kWh)
Peak Cp 9-20 0.2202
Off-peak Coff 0-9, 20-24 0.2062
Feed-in Cted 0-24 0.092
Kelec = Kpeak t Koff-peak (5.24)

Kpeak = EnetpCp if Enetp >0
= Enet,pCted if Enetp <0 (5.25)
Koff-peak = Enet,offCoff if  Epetoff >0

= Lnet,off Cfed if Epet,oft <0 (5.26)

where Ej¢ is the net energy exchanged between the grid and the house for the period i={p,off}:

Enet,i = Egrid—drawn,i - Egrid—fed,i (5.27)

Texas tariff

The electricity tariff system for Texas considered in this study is based on Austin energy residential
rates [47]. Austin Energy has a five-tier rate structure that incentivises customers on lowering their
electric usage resulting in lower bills. Details of the electricity bill are presented in Table 5.5.

Based on the rate structure, the annual electricity bill of a household in Austin, Texas, is computed
using the following equation:

5

Kelec = Cfixed + Etotal Crc + Esum Cpsa,s + Ewin Cpsa,w + Z Etier,iCtier,i — Efed Cfed (5.28)
i=1

where E\qy, is the total energy exchanged with the grid (drawn and fed), Esym and Eyin are the energy
exchanged with the grid during the summer and the winter months. Ejjeri fori=1-5 are obtained from
the net drawn energy from the grid. Egq is the net energy fed into the grid.

The tariff equation (5.28) shows that self-consumption by consumers is encouraged as the electricity
tariff increases sharply between tiers. Additionally, consumers are encouraged to be producers and the
Value of Solar (VOS) tariff. Austin Energy credits solar customers for the solar energy produced by their
on-site solar energy system. However, it must be noted that the regulatory charge and the power supply
adjustment charges discourage consumers from being dependent on the grid in terms of both drawing
and feeding in power. In conclusion, multiple objectives like self-consumption of energy autonomy,
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Table 5.5: Austin Energy Electricity Tariff Structure

Type Bill Components Symbol | $/kWh
Administrative Regulatory charge Crc 0.013
Charge Customer charge
($/month) Chired 10
Tier 1: 0-500 kWh Ctier,1 0.028

Tier 2: 501-1000 kWh Ctier,2 0.058
Energy charge | Tier 3: 1001-1500 kWh Cier,3 0.078
Tier 4: 1501-2500 kWh Ctier,4 0.093

Tier 5: >2500 kWh Cier,5 0.11

Power supply Summer Cpsa,s 0.029

adjustment Winter Cpsa,w 0.031

Feed-in tariff Value of Solar o 0.097
(VOS) ed '

peak shaving or power autonomy need to be considered while optimally sizing PV and battery systems
to lower electricity bills in the Austin Energy tariff structure.

5.2.5 Figure of merits (FoMs)

A detailed description of the modelling methodology of the technical and economic aspects of the PV-
battery system integrated nanogrid is presented in the previous section. However, to optimally size the
PV system, battery storage and the converters, specific performance metrics or figure of merits (FoMs)
need to be defined to evaluate and differentiate between designs objectively. To that end, the following
four FoMs are introduced:

Energy autonomy factor («): The grid energy autonomy factor is a metric to measure self-sufficiency
or energy independence of the nanogrid design. It is calculated as:
_ Ejoad — Egrid,buy

x 100 (%) (5.29)
Eload

Power autonomy (p): Power autonomy factor is a metric to quantify the power independence of the
nanogrid from the utility grid. It is computed as the following:
1 NP grid,i|

p=|1-— ——|x100 (%) (5.30)
N l:Zi |Pload,i|

where N depends on the resolution of the power profiles used. In this study, 1 min resolution is chosen.

Therefore, to compute the power autonomy factor for an annual load profile, N is = 24 x 60 x 365.
As the energy autonomy factor (@) measures the energy independence of the nanogrid, the power
autonomy factor (p) measures the power independence, which includes both drawn and fed power. For
example, the Texas electricity bill, as shown in equation (5.28), incentivises customers to regulate their
peak by charging the regulatory and the power supply adjustment costs. However, in the Netherlands
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tariff structure, the customer is encouraged to be energy independent and not necessarily power
independent.

Lifetime capital cost (k(ota1): The capital cost of the entire system is an economic metric to quantify
the total lifetime cost of the system, which includes the initial investment cost, maintenance, and the
replacement costs during the system lifetime [48]. Detailed modelling of the capital cost is already
shown in equation (5.20).

Simple payback period (Tpg): The simple payback period is a metric to measure the economic viability
of the PV-battery based system [43, 49]. It is defined as the number of years needed to pay back the
capital cost with the savings related to electricity bill (Rsavings): the following four FoMs are introduced:

Energy autonomy factor (a): The grid energy autonomy factor is a metric to measure self-sufficiency
or energy independence of the nanogrid design. It is calculated as:

Ktotal _ Ktotal

Tpp (year) = (5.31)

savings  Kelec,0 ~ Kelec,pv-batt
where Kelec,o and Kelec,pyv-bart are the annual electricity bills without and with integrated pv-battery
system in the house.

The choice of performance metrics is motivated to facilitate both the end-users and the distribution
system operators (DSOs). Economic metrics like lifetime system cost and the simple payback period are
useful to end-users to analyze the cost-effectiveness of the solutions. On the other hand, fundamental
technical metrics like energy autonomy and power autonomy can be utilized by DSOs to design tariff
schemes to incentivize users to achieve their higher system-level goals like reducing the operating
costs, delay expensive grid upgrades [7], and solving network congestion [50, 51]. This concludes the
techno-economical modelling of the PV-battery based nanogrid. Based on the model metrics, four
FoMs are identified, which will be used for the optimization problem formulation.
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5.3. Multi-objective optimization framework

5.3 Multi-objective optimization framework

A multi-objective optimization framework is developed in this section to optimally size the PV system,
the grid converter, and the battery of a nanogrid. It utilizes the techno-economical model developed
in the previous section. Initially, the optimization targets and variables are described, followed by
a discussion on the system analysis flowchart. In the final part of this study, the developed multi-
objective optimization framework is utilized to optimally size the PV-battery for a nanogrid in different
operational scenarios. The results obtained are presented and analyzed in detail in the next section.

Component data:

« Design variable ranges « System inputs 1. PV panel data
« Component system data « System Specifications 2. Battery ageing data/model
¢ Design variables:
Start 1 Grid converter rating
2. PV system parameters
3. Battery parameters

iter=0

System inputs and spceifications:

1. Solar Irradiance data
Initialize repository 2. Load profile
3. Electricity tariff
l U Power management algorithm
Initialize swarm position l
and velocity ' Technical Model
l PV system model
Analytical model
Evaluate individual
particles Py (t)
L Pload (1) — | Power management algorithm
Pload (t) + Pgria (t) + Ppy () + Poar () = 0
: Identify & store
Pareto-optimal |
design Pareto-optimal designs l
repository i Pgria(t) l Phan(t)

iter = iter + 1

Rainflow Algorithm

Grid analysis
Compute FoMs
T (e )
Yes imit? Battery ageing model
No |
v .
Update particle velocity : [ Cost of electricity ] [ Lifetime capital cost ] :
and position | :
Constraints handling \_ S Economic Mod:I Y,
No
Within J
search space?

Figure 5.9: Flowchart of the proposed main multi-objective optimization routine for PV-battery sizing for
nanogrids. The routine calculates and identifies the Pareto-optimal designs as a combination of the optimization
design variables, which include the PV system parameters, battery management parameter, and grid converter
ratings. The system analysis for individual designs evaluates the optimization targets based on the swarm algorithm-
generated designs and feeds it back to the optimization routine to update the Pareto-optimal design repository.
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5.3.1 Optimization targets and variables

Based on the FoMs introduced in the modelling section, the targets of the optimization are:

1. Maximize energy autonomy factor (a)
2. Maximize power autonomy factor (p)
3. Minimize lifetime capital cost (k¢otal)

4. Minimize simple payback period (7pp)

The objectives mentioned above are selected strategically to ensure that the optimization progresses
towards designs with acceptable economic and technical performances.

Table 5.6 presents the optimization variables and their range. The optimization variables are mainly
categorized into three groups: battery variables, PV system variables and grid converter variables. Crate
is chosen as an independent optimization variable which decides the rated power of the battery Ppaq
based on the battery capacity Ecap. Specific constraints are put on the optimization solution space
to ensure feasible designs. In the next part, the multi-objective optimization algorithm and sizing
methodology are discussed in detail.

5.3.2 Optimization algorithm and methodology

Particle swarm optimization (PSO) algorithm is used for optimizing the proposed PV-battery sizing
problem. PSO is an evolutionary gradient-free algorithm inspired by the movement of birds or insects
in a swarm which potentially requires fewer function calls [52]. However, PSO is a single-objective
optimization algorithm. To make it suitable for multi-objective optimization problems, the concept of
Pareto dominance is combined [53] to generate non-dominated solutions or Pareto-optimal solutions,
which results in Pareto fronts. A repository is used to store the Pareto-optimal solutions updated at
the end of each iteration. Figure 5.9 presents the multi-objective optimization routine in a flowchart
depicting the inputs, outputs, and system analysis of the PV-battery optimal sizing problem.

Table 5.6: Optimization variables and their range

. . Range
Component  Variable Symbol Unit Li-ion Pb-acid VRFB
Battery capacity Ecap kwWh 1-30 1-30 1-30
C-rate of the battery  Crae - 0.1-1 0.1-1 -
Battery System  Minimum SoC SoChin (%) 0-30 0-30 -
Depth of discharge = DoD (%)  20-100  20-100 -
Rated battery power  Ppae, ' kW - - 0.1-10
PV System Azimuth angle A, ° 100-300 100-300 100-300
Rated pv power Py kw 0.3-15 0.3-15 0.3-15
Grid converter Rated power Pgrid r kw 0-10 0-10 0-10
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Thirty particles or designs per iteration and two-hundred iterations are evaluated to generate a stable
Pareto front between two conflicting objectives. MATLAB is used to compute all the analytical equations
presented in the previous section to model the performance parameters or figure of merits (FoMs) of
the nanogrid design. The time required to evaluate a complete design varies between 15 s - 30 s. In this
paper, an approach based on placing particles on the border of the search space using a combination
of variable clipping and reflecting [52]. The optimization results for two case studies (Netherlands and
US) are discussed in the next section.

5.4 Optimization results I: effect of meteorology

The MOO framework developed in the previous section is utilised to optimally size the PV-battery-grid
converter system in both the Netherlands and the US residential case studies. Figure 5.10 shows the
real-life load profiles used for the analysis. The data for the NL residential load profile is obtained from
a Dutch DSO company, and the US profile is obtained from Pecanstreet online database [54]. The load
profiles of both the households at different days of the year are shown in Figure 5.10. Table 5.7 presents
the details regarding the selected household load profiles.

It must be noted that the PV-battery sizing results obtained from the MOO framework for the two case
studies are particular solutions for the specific combination of the load profile, solar irradiance profile,
battery technology, power management strategy, and electricity tariff structure. Altering any of the
above aspects will lead to different conclusions on the PV-battery sizing problem.

The optimization returns a 4-D Pareto optimal front. A detailed analysis is conducted in three steps to
aid visualization and insight into the results. First, higher-level results are analyzed using sub-fronts of
two targets. At a second level, complete fronts are shown to aid the explanation of underlying trends.
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Figure 5.10: (a) NL house daily load profile for four days of the year with maximum load Pjya4,max = 7 kW, , (b)
Texas, US house daily load profile for four days of the year with maximum load Pjo5q,max = 9.8 kW.
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Table 5.7: Load profile details

.. . Load profile
Description Symbol | Units NL Us
Energy consumption per day Egaily kWh 18 17
Peak power annual Pioad,max kw 7 9.8
Annual cost of electricity Kelec,o $ 1630 840

Finally, two optimal designs are selected and analyzed to verify the efficacy of the optimization process.
Figure 5.11 shows the side views of the 4D Pareto optimal front, which highlight the trade-offs between
lifetime system cost, energy autonomy, power autonomy, and payback period. Individual 2D Pareto
fronts are discussed in the following:

Pareto Front Analysis

a — Kyoq1 Pareto front: In the Texas load profile, it is evident from the fronts shown in Figure 5.11
that full energy autonomy is achievable after significant capital investment. However, in the NL
residential profile, it isn’'t easy to achieve full energy autonomy, which asymptotes around 80%. It can
be explained due to the low solar potential combined with the temporal mismatch between the yearly
solar generation profile (Figure 5.12a) and daily energy usage profile (Figure 5.12b) of the Netherlands.
Therefore, to achieve full energy autonomy in the case of NL load profiles, battery-based storage is not
sufficient and seasonal storage is required.

0 — Kora1 Pareto front: Figure 5.11b shows that full power autonomy is hard to achieve in both NL
and US case studies with maximum possible values of 60% and 90% respectively. Additionally, power
autonomy in the US case study decreases after 100% energy autonomy is achieved. The decreasing
power autonomy is due to feeding more power into the grid than the actual in-house load power
demand, leading to even lower electric bills.
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Figure 5.11: Results of multi-objective optimization for PV-battery sizing with NL and US houseload profile: (a)
a —Kyotal: Pareto fronts of trade off between energy autonomy factor and lifetime system cost, (b) p — kqta]: pareto
fronts of trade off between power autonomy and lifetime system cost, and (c) Tpg — a: pareto-fronts of simple
payback period and energy autonomy factor.
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Figure 5.12: (a) Annual daily energy usage profile for the NL with a daily average of 18 kWh and US load profile with
a daily average of 17 kWh, (b) comparison of solar energy production throughout the year in Cabauw, Netherlands
and Austin, Texas for a 5 kW PV system designed for maximum annual solar output.

Tpp — a Pareto front: The trade-off between simple payback period and energy autonomy is presented
in Figure 5.11c. Previously it is shown that the US-based PV-battery system performs much better
than the NL system in terms of both power autonomy and energy autonomy for the same capital
investment. However, the NL based PV-battery system performs significantly better in the metric of
simple payback period (7pg) for certain energy autonomy. It can be explained due to the following
reasons: (a) the annual electricity bill for the NL load profile without any PV and battery is 1630 $
compared to 840 $ in case of the US Austin load profile leading to higher savings potential for the NL
case is much higher and therefore leads to lower payback period, and (b) the NL electricity tariff heavily
incentivizes the end-user to be energy autonomous by installing PV with battery storage compared
to the Austin tariff. This result underlines the importance of incorporating the cost of the electricity
model in the optimization problem.

5.4.1 PV-battery system sizing guidelines

Underlying trends regarding the battery system design, PV system design and sizing are analysed in this
section. Figure 5.13 presents the maximum allowable depth of discharge (DoD) of the Li-ion battery
system of the optimised designs. The maximum allowable DoD of the Li-ion battery system increases
with the increase of the battery capacity for both NL and US. Based on that, it is concluded that for
optimal performance of a Li-ion based nanogrid, one should select a proper DoD range depending on
the battery’s size. For these particular case studies, a smaller capacity battery (<5 kWh) has an optimal
maximum DoD of 40% - 70%. The optimal maximum DoD is 65% - 90% for battery capacities ranging
from 10 kWh to 20 kWh. 100% DoD of the battery can be utilised for battery sizes bigger than 20 kWh
when the capacity fading due to daily cycles is insignificant compared to this particular application’s
nominal battery capacity.

Section 5.2.1 presented the potential of changing the azimuth angle Ay, to improve the temporal match
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Figure 5.13: Maximum allowable DoD vs the battery capacity of the optimal Pareto system designs.

between the PV generation profile and the household profile. To that end, A, was considered to be a
design variable in the optimization framework (Table 5.6). Figure 5.14a and 5.14b presents the range of
Ap for the optimal designs for the NL and US case studies respectively. In the case of the NL designs,
the optimal range is between 180 - 220° whereas for the case of Austin, US, the optimal range is 240°
- 300°. Tt is interesting to highlight that the optimal designs have significantly different Ay, from the
maximum energy generation Am max Which is 185° for NL and 175° for the US case (Figure 5.2). A new
metric based on the Pearson correlation coefficient is defined to quantify the temporal match between
the PV power profile and load profile:

1 X (va,i—upv) (Pload,i—moad) (5.32)

¥ (Ppv, Pioad) =
by oa N_IZ Oload

i=1 Opv

where P}, yj, and oj are the annual power profile, mean and the standard deviation of the power profile
for the j system with j = {pv, load}. The correlation co-efficient y represents the degree of temporal
match between the PV profile and the load profile. y ranges from 1 (complete temporal match) to
-1 (complete temporal mismatch). Figure 5.14c shows the variation of correlation coefficient y with
the choice of azimuth angle for both the NL and the US case studies. It is evident from Figure 5.14
that the optimal choice of azimuth angle Ay, for PV-battery system design is the one that results in the
maximum temporal match between the PV profile and the load profile. Additionally, the correlation
coefficient y for the case of NL load profile and PV profile is almost ten times lower than the case of the
US profile. It is expected since there is a significant mismatch between the annual solar profile and load
profile for the NL case study. Figure 5.12a and Figure 5.12b show that there are high load demand and
low solar generation during winter coupled with comparatively lower load demand and higher solar
generation during the summer. However, in the US case study, the seasonal load demand variations
match the seasonal PV profile variations leading to high correlation coefficient values y.

Finally, it is important to derive design thumb rules to select PV system size and battery capacity to
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Figure 5.14: Effect of PV module azimuth angle on: (a) energy autonomy for different PV power for Cabauw, NL,
(b) energy autonomy for different PV power for Texas, US, (c) correlation coefficient between annual pv generation
profile and load profile for the case of NL and US.

achieve optimal performance for a certain capital investment. In this considered PV-battery system
for grid-connected nanogrids there are four unknown variables: Ppyr, Ppattrs Pgrid,r» and Ecap. For

the relative sizing of PV power and battery capacity, a metric called storage hours (Sy) is defined as
following:

_ Ecap

Sh (5.33)

- P pv.r
Figure 5.15a shows the effect of storage hours on the energy autonomy of the PV-battery based nanogrid
for the NL case study. It can be seen that the optimal range of Sy, is 2 to 4, which also results in the
minimum annual cost of electricity as shown in Figure 5.15b. Applying similar analysis to the case of
US as shown in Figure 5.16a and 5.16b, the optimal range of S;, turns out to be 4 to 6. Since Texas, US
has higher solar potential (= 35%) compared to Cabauw, NL, it is intuitive that a bigger sized battery is
needed to harness the excess solar potential properly. This ratio can be used as a thumb rule for sizing
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Figure 5.15: Results of multi-objective optimization for PV-battery sizing with NL and US houseload profile: (a)
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Figure 5.16: Results of multi-objective optimization for PV-battery sizing with NL and US houseload profile: (a)
variation of energy autonomy factor with Sy, in case of US, and (b) variation of annual cost of electricity with S}, in
case of US.

PV and battery system for a nanogrid in the Netherlands and the US, Texas to ensure high performance
for a fixed capital cost.

To optimally size the different converters associated with the grid, PV, and the storage, two additional
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Figure 5.17: Variation of energy autonomy factor with (a) sum of all the source converter ratings Psym total, (b)
ratio of the sum of pv-battery converter ratings to the grid converter rating Prajo-

metrics or equations are introduced:

Psum total = Pgrid,r + Ppvr + Pbatt,r (5.34)
(Ppyr+ P )
Pragio = 1o 2L (5.35)
Pgrid,r

where Pgym total Fepresents the sum of all the source/storage converter ratings, and Praqo is the ratio
of the sum of PV-battery converters to the grid converter rating. Figure 5.17 presents the effect of
the two metrics mentioned above on the energy autonomy of the nanogrid optimal designs for both
the case studies. In the case of the NL house, a Pgymiota1 0f 15 kW or above will result in high energy
autonomy. Similarly, a Pgm tota1 0f 20 kW or above is required for high energy autonomy for the Austin,
US house. Interestingly, the maximum load power in NL and US is 7 kW and 9.8 kW, respectively,
which are approximately half of the thresholds required for high energy autonomy. Similarly, from
analysing Figure 5.17b, the optimal converter ratio factor P,y lies somewhere around 1 - 1.5 for both
the case studies of NL and US. As for sizing guidelines, one can select a certain rated power for the
PV system depending on the available area for PV installation and use equations (5.33), (5.34), (5.35)
as thumb rules to optimally size the battery capacity, and the converter sizes for a grid-connected
nanogrid. Table 5.8 summarizes all the sizing equations derived from analyzing the data obtained from
the optimization procedure.

Table 5.8: System sizing thumb rules

Sizing equation Cabauw, NL | Austin, US
Sh 2-4 4-6
Pgrid},)r + pr;,)r + Pbatt,r = 2Pload,max = 2Pload,max
( + )
Pt T At 1-15 1-15
P grid,r
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5.4.2 Analysis of selected optimal designs

Higher-level design sizing trends are obtained in the previous section by analyzing the optimization
results. To highlight the sizing optimization procedure’s efficacy, we have selected two Pareto optimal

nanogrid designs for more in-depth analysis. The designs are chosen with the same total lifetime cost
of 13,000 $ to ensure a fair comparison.

Table 5.9 presents the critical design and performance metrics of the two selected design cases. In
terms of PV-battery system sizing, the NL nanogrid has a higher power PV system and lower battery
capacity than the US counterpart. Due to higher solar potential, the US nanogrid needs a slightly bigger
battery to store the excess solar energy. Both the nanogrid designs under-utilize the battery capacity

by selecting a maximum allowable DoD of 63 % (NL) and 70 % (US) to extend the lithium-ion battery
lifetime.

In performance factors like energy autonomy and power autonomy, the NL nanogrid lags behind the
US nanogrid. Still, the NL nanogrid performs much better economically with a simple payback period
of almost half that of the US nanogrid design. This is mainly due to two reasons. First, the US house’s
annual cost of electricity is significantly lower than the NL house (see Table 5.7) for almost similar
energy consumption, thereby limiting the savings margin. Second, the Dutch electricity provider
incentivises high energy autonomy with a net-metering based tariff system. In contrast, the US
tariff system incentivises high power autonomy, a comparatively more difficult metric to achieve.
Figure 5.18 presents the annual grid power profiles of the two selected case studies. It is evident from
the profile (Figure 5.18a) that the NL house nanogrid interacts heavily with the utility grid throughout
the year, which results in weak power autonomy of 15%. During winter, when the solar generation
is low and the load requirement is high, it depends solely on the grid to supply the load. However,
during the summer days, when the load is comparatively lighter and solar power is higher, the nanogrid
consistently dumps the excess solar energy to the utility grid. Therefore, the NL nanogrid is highly
energy-positive during the winter days and highly energy-negative during the summer days, which

— .

Dumping excess solar energy
into the grid during summer
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Figure 5.18: Annual profile of the power exchange of nanogrids with the utility grid (Pgriq): (@) NL house nanogrid,
(b) US house nanogrid.
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Table 5.9: Results of selected optimized nanogrid designs

Performance Group | Performance Metrics Symbol | Unit | Cabauw, NL | Texas, US
Rated PV power Ppyr kw 4.2 3.3
Battery capacity Ecap kwh 13 15
. Battery rated power Ppattr kw 3.8 4.8
Design parameters Grid converter rating Pgrid kw 5.6 8.1
Azimuth angle Am 0 205 250
Battery DoD max DoD % 63 70
Storage hours Sh h 3.1 4.5
Sizing parameters Total converter ratings | Psum,total kw 13.6 16.2
Converter ratings ratio Pratio - 1.4 1
Energy autonomy a % 54 74
Power autonomy p % 15 57
Microgrid Payba.clf per.iod TpB years 11 20
Performance Electricity bill Kelec $ 436 178
PV Cost Kpv $ 5460 4290
Battery cost Kbatt $ 6520 7400
Total lifetime cost Ktotal $ 13000 13000

eventually balances out due to the electricity tariff’s sole dependence on energy autonomy rather than
power autonomy. This leads to a low simple payback period for the NL nanogrid. However, unlike
the NL nanogrid, the US nanogrid has weaker interaction with the grid as the Texas electricity tariff
incentivises power autonomy, which leads to less dumping of solar power in the grid. Therefore, it
is economically more viable to install PV and battery systems for the NL case study than the US case
study. However, the solar potential of Texas, US is much higher than Cabauw, NL.

5.5 Optimization results II: comparison of battery technologies

The MOO framework developed in Section 5.3 is used to optimally design the PV-battery-grid system
for the Netherlands load profile and compare the performance of the battery technologies. Figure 5.19
shows the side views of the 4D Pareto optimal front, highlighting the trade-offs between lifetime system
cost, energy autonomy, and power autonomy and simple payback period. And Figure 5.19a and 5.19b
show the energy autonomy factor vs lifetime system cost Pareto front and power autonomy factor vs
lifetime system cost Pareto front for different battery technologies for the NL household profile and
solar generation profile.

Pareto Front Analysis

a — K ota1 Pareto front: Figure 5.19a presents the Pareto front showing the trade-off between energy
autonomy and lifetime capital cost for the battery technologies. Lithium-ion performs the best in this
metric, followed closely by Vanadium redox flow battery (VRFB). Lithium-ion performs much better at
lower capital cost (less than 10,000 $) than VRFB. However, for designs with capital cost higher than
20,000 $, VRFB performs similar to Li-ion based PV-battery system. The performance of lead-acid is the
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Figure 5.19: Results of multi-objective optimization for PV-battery sizing with NL houseload profile
presenting Pareto fronts of trade off between: (a) a — kta: €nergy autonomy vs lifetime cost, (b)
0 —Ktotal: pOWer autonomy vs lifetime cost, and (c) Tpg — a: simple payback period vs energy autonomy.

worst among the selected battery technologies.

0 — Kol Pareto front: The power autonomy and lifetime capital cost Pareto front is shown in Fig-
ure 5.19b. The relative performance of the battery technologies in this front is similar to the energy
autonomy - lifetime cost Pareto front. The Li-ion based system performs the best closely followed by
the VRFB based system. The performance of the lead-acid based system is still the worst among the
battery technologies. Still, the difference between the performance is much lower, especially at the
high capital cost.

Tpp — a Pareto front: The simple payback period - energy autonomy factor Pareto front is shown in
Figure 5.11c for the battery technologies. For lower energy autonomy (< 50 %), Li-ion based system
performs the best with low simple payback periods while VRFB suffers from high initial investment
cost. However, at high energy autonomy, VRFB based systems have similar payback periods as Li-ion
based systems. However, from an economic perspective, lead-acid based systems is not an optimal
choice for residential applications.

Based on the individual 2D Pareto fronts, a more in-depth analysis of the battery lifetime and optimal
sizing guidelines for different battery technologies are discussed in the following sections.

5.5.1 Effect on battery lifetime

Among the battery technologies considered in this study, the lithium-ion battery-based PV household
system performs the best closely followed by Vanadium redox flow battery (VRFB) in all the metrics.
The lead-acid battery-based system performs poorly compared to VRFB and lithium-ion battery-based
system due to a high number of battery replacements required during the system lifetime, as shown in
Figure 5.20a. Thus, the high number of replacements in the lead-acid-based PV-battery system leads
to the system’s overall higher lifetime cost and, consequently, more extended simple payback period.
VRFB based PV-battery system performs well due to its high inherent lifetime despite significant initial
investment cost. Its performance is close to Li-ion battery-based system for bigger systems where the
replacement cost of Li-ion batteries bridges the gap between the two systems.
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Figure 5.20: (a) Number of battery replacements required for different battery technologies at different energy
autonomy factor, (b) maximum depth of discharge (DoD) allowed by the optimized designs for different battery
capacities.

5.5.2 Optimal PV-battery sizing guidelines

Based on the battery lifetime analysis, the optimal sizing for different battery technologies can be
derived. The maximum allowable depth of discharge (DoD) was selected as a design variable during
optimization to ensure a longer battery life for lithium-ion and lead-acid batteries. The variation
of the maximum allowable DoD of the Pareto optimal designs with the battery capacity is shown in
Figure 5.20b. Lithium-ion battery-based system prefers lower maximum DoDs to improve the lifetime
of the battery as shown from Figure 5.20b. It is evident from the same figure that the maximum
allowable DoD of the li-ion battery system increases with the battery capacity increase. In conclusion,
the optimization results show that for optimal performance of a li-ion based household, one should
select a proper DoD range depending on the battery’s size. For a smaller capacity battery (< 5 kWh),
the optimal range of maximum DoD is 50% - 60%, whereas, for a bigger capacity battery (= 10 kWh),

Lifetime system cost ($) x10% Lifetime system cost ($) x10% Lifetime system cost ($) x10%
0.5 1 15 2 25 3 35 1 15 2 25 3 35 0.5 1 15 2 25 3 3.5

HEET 42 2 ThaEaE s 0 00
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Figure 5.21: Results of multi-objective optimization for PV-battery sizing with NL houseload profile showing the
variation of energy autonomy factor with storage hours (Sy,) or ratio of battery capacity to rated pv power for: (a)
lithium-ion based system, (b) vanadium redox flow (VRFB) based system, (c) lead-acid based system.
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the optimal DoD range is 65% - 85%. It is interesting to point out that the optimization doesn't lead to a
similar trend for the lead-acid battery-based system even though higher DoD results in lower battery
life, similar to the Li-ion battery case. Due to the poor cycle lifetime behaviour of lead-acid batteries,
it is economically more beneficial to select smaller capacity batteries (< 10 kWh) and replace them
multiple times during the system lifetime than to go for bigger capacity batteries.

For the relative sizing of the PV-battery system, the storage-hour (S,) metric, which is the ratio of
the battery capacity to the rated PV power, is used here. The variation of energy autonomy with
storage-hour for different battery technologies is presented in Figure 5.21. The optimal storage hour
for lithium-ion battery and vanadium redox flow battery is around 2. However, for a lead-acid battery-
based grid system, the optimal storage hour is approximately 1 - 1.5. Due to lower battery lifetimes,
lead-acid based grid systems prefer lower battery capacity than Li-ion or VRFB batteries to reduce
repeated battery replacement costs.

5.6 Conclusion

This chapter presents a multi-objective optimization (MOO) procedure to size the PV-battery-converter
system for nanogrid applications. The MOO framework is applied to an optimal size PV-lithium-ion (Li-
ion) battery-converter system for two residential case studies in Cabauw, Netherlands and Austin, US.
An in-depth nanogrid model considering battery degradation for different battery technologies, PV
design variables, and real-life electricity tariffs are coupled with the MOO framework to draw design
guidelines for optimal system sizing. Some essential observations obtained from a detailed analysis of
the optimization results are presented below:

1. To improve battery life of Li-ion battery system for household power profiles, it is recommended
to select a low depth of discharge (DoD) (40%-70%) for smaller sized batteries (= 10 kWh).
However, to improve battery capacity utilization, designers can select high DoD (60%-100%) for
battery sizes above 15 kWh.

2. The local electricity tariffs in Cabauw, NL heavily incentivizes energy autonomy with significant
feed-in tariffs leading to low payback periods for an initial investment. However, Austin electricity
tariffs incentivize power autonomy by power-based tariffs, which lead to higher payback periods
for an initial investment.

3. Solar potential of a location has a significant impact on the relative sizing of the battery capacity
relative to the rated PV power. The optimal value of storage hour (S, = ) for Cabauw is
between 2 to 4, whereas for Austin it is between 4 to 6.

cap

Ppyr

4. Optimal value of the azimuth angle (Ay,) for the PV system is found to be the one that results in a
maximum temporal match between the annual PV and load profile.

5. Thumb rules for optimal system sizing are derived to size the battery power rating, battery capac-
ity, PV power rating, and the grid converter rating in equations in Table 5.8 for grid-connected
nanogrid application.

6. Both technically and economically, Li-ion based PV-battery nanogrid performs the best with low
payback periods. However, Vanadium redox flow battery based nanogrid performs close to Li-ion
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in both metrics. Lead-acid based battery systems are not really suitable for PV-battery-based
nanogrids to achieve high energy autonomy due to the high rate of battery degradation.

In conclusion, the presented multi-objective optimization process provides a platform to optimally
size PV-battery systems during the initial design process taking into account many design variables
and multiple objectives. For future work, this study can be extended to compare different battery
technologies to select the most economical design. Additionally, the effect of intelligent power manage-
ment algorithms with forecasting capability on the system sizing problem can be investigated with this
framework.
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Conclusions and Recommendations

6.1 Introduction

As discussed in Chapter 1, this thesis aims to develop an efficient, sustainable, safe, and economically
feasible future smart house capable of supporting the future smart grid. Four key research elements are
identified to realize the future smart house namely, (a) choice of system architecture, (b) development
of a key power electronic technologies to integrate PV, battery, and grid, (c) integration of safe and
efficient electric vehicle (EV) charging, and (d) optimal system sizing design to ensure techno-economic
feasibility.

Chapter 2 identifies the functional requirements of a future smart house so that they can act as modules
or agents to form a robust, decentralized Smart Grid (SG). Based on those metrics, the existing state
of the art AC household architecture is evaluated. A case for DC based distribution is presented as it
provides potentially higher energy efficiency due to inherent DC nature of sources like PV, storages
like battery, and loads like electronic appliances. Several existing DC based architectures are reviewed
in detail based on different functionalities. Finally, a smart power router based centralized nanogrid
architecture is proposed.

Chapter 3 details the development of the smart power router introduced in the previous chapter. The
multi-active bridge (MAB) converter is chosen as topology to act as the smart power router capable
of functions like controlling bi-directional power flow, islanding during abnormal grid conditions,
providing high-level energy management, supporting the grid autonomously based on price incentives,
etc. Detailed analysis of the power flow coupling challenge in MAB converter is presented. A hardware
based solution and a control based solution are introduced to eliminate the interaction between the
port controllers. A 2 kW, Si-C device based four port MAB converter laboratory prototype is developed
and tested extensively to validate the decoupling control strategies.

Battery-powered electric vehicles (EV) are envisioned to play a significant role in future smart residential
grids. Ensuring safe and efficient EV charging integration is crucial for the success of future DC
residential nanogrids. To that end, chapter 4 develops a wireless inductive power transfer (IPT) based
EV charging station for residential applications. A multi-objective optimization (MOO) framework is
developed in this chapter to provide a platform to design efficient, light, and misalignment tolerant
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magnetic couplers for IPT based EV charging. The existing state of the art magnetic couplers are
quantitatively compared using the developed MOO framework, and their relative advantages and
disadvantages are highlighted.

Chapter 5 investigates the techno-economic feasibility of solar photo-voltaic (PV)-battery storage
integrated household nanogrid. A multi-objective optimization-based framework is developed to draw
simple PV-battery sizing guidelines considering the effect of solar potential, degree of temporal mis-
match between load and PV generation, battery degradation, and tariff incentives. Economic metrics
like simple payback time are considered to evaluate the economic feasibility of PV-battery powered
smart homes. Additionally, the effect of meteorology on the optimal sizing problem is investigated by
selecting two case studies in the Netherlands and the US.

6.2 Conclusions
The conclusions drawn from the work presented in the thesis can be grouped into four categories based

on the thesis objectives presented in Chapter 1. The objectives are as follows:

1. What is the optimal architecture for integrating PV, EV, battery, and loads to realize future smart
grid-connected residential households?

2. How to design and construct key power electronic converter technology to realize a robust, safe,
scalable, and reliable household nanogrid?

3. How to integrate EV charging in future homes while ensuring user safety and high efficiency?

4. What is the techno-economic feasibility of PV-battery integrated smart household nanogrids?

6.2.1 Choice of smart home architecture

Smart grids need functionally independent households

Developing a universal, robust, efficient, decentralized smart grid requires a modular approach. High
energy consuming households would play a significant role as a nanogrid modules. For the successful
and sustainable operation of an intelligent grid, future houses and buildings need to be more self-reliant
and provide additional functionalities. From a control perspective, household nanogrids need to be
stable, able to coordinate between sources, storages and loads, work in islanding mode, and provide
grid support based on price signals. Hardware functionalities include high energy efficiency, availability,
flexibility, and scalability.

DC is more efficient than AC in grid-independent households

A close inspection of the type of household loads reveals that they are either DC in nature (e.g., LED
lighting, smartphones, computers) or has an internal DC link (e.g., washing machines, dishwashers).
Further, renewable sources like PV technology and storages like batteries are inherently DC. Therefore,
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selecting DC distribution to power household loads locally via solar power generation and battery
storage is more energy-efficient than using AC distribution.

Multi-bus DC architecture is required to integrate the power range of household loads

In the last few decades, the variety of household appliances has undergone a significant change
with power requirements ranging from few watts (e.g., phone chargers, lighting) to as high as ten
kilowatts (e.g., electric vehicle charging). Therefore, multiple DC bus voltages are required to supply
power to different load groups to achieve both consumer safety and low distribution losses. Voltage
levels between 350 V to 700 V can be used to high power residential EV charging, 300-400 V can be used
to power the medium power loads like kitchen and laundry appliances, and 48/60 V can be used to
power low power consumer electronics and lighting loads.

Nanogrids with a converter interface is better than nanogrids without one

Interfacing a DC nanogrid with a DC microgrid with a bi-directional converter would reduce energy
efficiency for power flows between the microgrid and the nanogrid. However, a converter interfaced
nanogrid can provide several functions like dynamic decoupling of the grid, superior grid support,
bi-directional fault interruption capability, integrated protection, islanded operating capability, etc.
Further, future household nanogrids are expected to be energy independent leading to minimized grid
energy exchange. Thus, the advantages of converter interfaced nanogrids in the form of functional
capabilities far outweigh the drawbacks due to energy efficiency.

Centralized nanogrid is essential for decentralized smart grid

To realize a stable, robust, flexible, decentralized smart grid, we need to maximize the functional
abilities of individual nanogrids. Since nanogrids are inherently small in terms of physical size, a
centralized internal architecture improves the overall operational capabilities of the nanogrid without
accentuating the inherent drawbacks of a centralized system. Therefore, the smart power router-based
DC nanogrid is a promising architecture for future residential households since it exploits the benefits
of a centralized system to realize a robust overhead decentralized system.

6.2.2 Smart power router for DC residential nanogrids

Multi-active bridge (MAB) converter is a promising candidate as smart power router

The MAB converter integrates multiple DC sources, storages and loads using inverter bridges connected
via a high frequency (HF) multi-winding transformer. Derived from the dual-active bridge (DAB)
converter family, the MAB converter not only integrates and exchanges the energy from/to all ports, but
also provides full isolation among all ports and matches the different port voltage levels. Additionally,
the MAB converter realizes bidirectional power flow by adjusting the phase-shift angle between the
high-frequency AC voltages generated by the inverter module at each port.
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Inherent power flow coupling in MAB converters hinders scalability

A key challenge in the design and control of the MAB converter is the inherent cross-coupling of power
flows between ports due to the inter-winding magnetic coupling of the transformer. Therefore, the MAB
converter behaves as a multi-input multi-output (MIMO) system with coupled power loops, which is
difficult to control. Existing decoupling strategies are all based on complex control implementation.
The complexity of the control increases with the increase of the number of ports. Thus, they inhibit the
scalability of the number of ports in MAB converters and reduces their applicability.

Asymmetric distribution of leakage inductances solves the coupling challenge in MAB converters

A modified hardware configuration for a MAB converter with asymmetrical leakage inductance distri-
bution decouples the inter-port power flows. It is based on making a port as master with low leakage
inductance (< 0.05 pu) act as a rigid-voltage source on the transformer magnetizing inductance while
adding external inductors (1 pu) to the rest of the ports. The proposed MAB configuration has inher-
ently magnetically decoupled power flows, enabling the regulation of power flows independently of the
different port controller bandwidths. However, the hardware approach increases the switching losses
of the master port MOSFETs and makes the multi-winding transformer design challenging.

Active disturbance rejection control (ADRC) provides a decentralized decoupling solution for MAB
converters

Conventional decoupling control of MAB converters uses centralized model matrix based approach to
decouple the power flows. In this thesis, active-disturbance rejection control (ADRC) based decoupling
control is introduced which uses high bandwidth extended state observer (ESO) to observe the cross-
coupling disturbance and compensates it in real-time. Thus, ADRC control decouples the power flows
in a multi-active bridge (MAB) converter in a decentralized manner using minimal system information.
The decentralized nature of the solution allows for scalability of ports without increasing control
complexity.

ADRC based control has huge potential in power electronics applications

Traditionally power electronic systems have been controlled by proportional-plus-integral-derivative
(PID) controllers due to their simplicity of implementation. However, PID control suffers from cer-
tain weaknesses like limited control precision in the presence of large disturbances/uncertainties,
sensor noise degradation in the derivative control, etc. In recent times, research in control systems
has advanced well beyond PID controllers to solve these problems. Active disturbance rejection con-
trol (ADRC) represents a relatively new paradigm to the control of complex systems. It inherits from PID
control the qualities that make it such a success: the error-driven, rather than model-based, control law,
and augments that with the best offering of modern control theory, the state observer. Together with
advances in the computational power of controllers, they form a new set of tools and offer a potentially
advantageous technique to obtain outstanding disturbance rejection and robustness performances in
power electronic converters.
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6.2.3 Residential EV charging intregration

Wireless EV charging is suitable for residential applications

Wireless inductive power transfer (IPT) technology for EV charging is more user-friendly and safe than
conventional wired charging due to the absence of electrical or mechanical contacts. Especially in
residential applications, wireless charging is a perfect solution as it provides easy, safe, and autonomous
charging for low to medium power EVs (3-7 kW). Further, in future EVs are envisioned to be fully
autonomous in nature, making a strong case for wireless EV charging for future homes.

IPT system design needs multi-variable multiple-objective optimization framework

The design of the magnetic couplers is crucial for the overall performance of IPT based charging
systems. A high number of design variables need to be considered while designing the magnetic
couplers. Further, there are multiple performance metrics like power transfer efficiency, cost and
weight, misalignment tolerance, and low stray magnetic fields, which are mutually opposing in nature.
Therefore, designing IPT systems require a multi-variable multi-objective optimization framework for a
holistic design procedure. Parametric studies and simple design thumb rules for magnetic couplers are
not adequate to ensure good performance.

Circular magnetic couplers provide the most efficient, cost-effective and safe solution

Considering all the metrics, circular couplers as transmitter/receiver provides a well-rounded per-
formance among the popular magnetic couplers in IPT systems. Circular couplers have the best
efficiencies due to high coupling for the same material effort. Additionally, circular couplers emit the
lowest stray fields in both vertical and lateral direction for the same current excitation, which ensures
safe operation. The misalignment performance of circular couplers is poor, with a rapidly falling
coupling co-efficient with increasing misalignment. However, for static EV charging in residential
homes, misalignment tolerance is not a priority performance metric. Therefore, the circular coupler is
the most efficient, cost-effective, and safe solution for residential IPT based EV charging systems.

6.2.4 Techno-economic feasibility of smart DC homes

Vanadium redox flow batteries will compete with Li-ion batteries in residential storage

Among the battery technologies considered in this study, lithium-ion (Li-ion) battery based household
system performs the best in all metrics. However, Li-ion is marginally better in the than vanadium
redox flow batteries (VRFB) which suffers from high initial investment cost. As the VRFB technology
matures further in future, it will be more competitive with Li-ion economically.

PV system designed for highest annual energy yield is a sub-optimal solution for smart homes

PV systems for residential grids are generally designed for the highest annual energy yield. However,
results obtained in this thesis show that a better solution is to develop PV systems to have the highest
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temporal match between the annual load profile and the solar generation profile. The higher temporal
match comes at the cost of lower energy yield, but it leads to low storage requirements and lower system
costs. For example, the azimuth angle (Ap,) for the highest solar energy yield in the Netherlands is 185°.
However, given a dutch particular household load profile, the optimal azimuth angle turned out to be
in the 200°-220° range.

Solar potential in the Netherlands is inadequate to make an average dutch household fully energy
independent

It is challenging to achieve full energy autonomy for average dutch households due to the combination
of two factors: (a) low solar potential of Netherlands, and (b) temporal mismatch between solar
generation profile and energy usage profile. Consequently, sizing PV systems become challenging as
during summer, when the solar generation is high, the energy consumption is lowest, and the pattern
flips during winter. Therefore, to achieve full energy autonomy in Dutch households, battery-based
storage is not sufficient and seasonal storage is required.

Tariffs should incentivize residential users to achieve power autonomy over energy autonomy

The main goal of designing the future smart homes is to make them more self-reliant and independent
from the grid. To that end, users should be incentivized to achieve more power autonomy than energy
autonomy. Two case studies analyzed in this thesis highlight the difference between the two approaches.
The Dutch electricity provider Eneco incentivizes high energy autonomy with net-metering based tariff
system. In contrast, the US, Texas tariff system incentivizes high power autonomy, a comparatively
more difficult metric to achieve. Results show that the Dutch house nanogrid interacts heavily with
the utility grid throughout the year, which results in low power autonomy. During winter, when the
solar generation is small, and the load requirement is high, it depends solely on the grid to supply it.
However, during the summer days when the load is comparatively lighter, and solar power is higher, the
microgrid consistently dumps the excess solar energy to the utility grid. Therefore, the dutch household
is highly energy-positive during the winter and highly energy-negative during the summer days, which
eventually balances out due to the electricity tariff’s sole dependence on energy autonomy rather
than power autonomy. However, the US household has weaker interaction with the grid as the Texas
electricity tariff incentivizes power autonomy, which leads to less dumping of solar power in the grid.

Thumb rules for PV-battery system sizing for Netherlands and Texas, US

In this thesis, simple thumb rules detailed for PV-battery system sizing are derived after extensive
analysis of optimization results. A new metric called "storage hour" (S,) is introduced, which is the
ratio of the battery capacity to the peak PV power rating. Storage hour represents the optimal sizing of
the battery capacity relative to the rated PV power to maximize the battery’s utilization. The optimal
value of storage hour for Cabauw, NL is between 2 to 4. In contrast, Austin, Texas, which has a 35 %
higher solar yield than Cabauw, leads to an optimal storage hour between 4 to 6.
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6.3 Thesis Contributions

The main scientific contributions of this thesis are summarized below:

¢ Centralized nanogrids for decentralized smart DC grids: Significant research has already been
published regarding DC nanogrid architectures. However, most research focuses on the voltage
levels and voltage polarity while assuming an AC utility grid. In this thesis, we step further towards
envisioning DC nanogrid architectures within a universal DC smart grid. This thesis proposes
a smart power router-based centralized DC nanogrid to exploit the advantages of a centralized
system to realize a strong, robust decentralized smart grid.

* Solving coupling problem of MAB converters: A multi-active bridge (MAB) converter is used
in this thesis for integrating PV system, battery, utility grid, and the household DC bus. A
MAB converter in itself is not new, but this thesis, two new methods to solve the coupling
problem inherent to MAB converters are proposed. The proposed decoupling strategies can be
implemented with decentralized controllers, improving the scalability and applicability of MAB
converters.

* Holistic comparison of wireless magnetic couplers: A comparison of different magnetic cou-
plers for IPT systems can be found in the literature. However, most comparison research does
not take into account misalignment tolerance as a performance factor. Additionally, the com-
parative framework used in those papers does not consider optimized designs, making it an
unfair comparison. In this thesis, a holistic comparison of five magnetic couplers is presented
considering multiple performance factors and optimized designs, revealing the relative strengths
and weaknesses of different couplers. IPT design engineers can use the above information to
select the optimal coupler topology during the initial design phase.

* Derive simple thumb rules for system sizing: Optimal system sizing is a complex mathemat-
ical problem as it is dependent on multiple variables and have to satisfy mutually competing
objectives. Most PV-battery system sizing papers in scientific literature use methodologies are
single-objective. Further, they do not take into account all the above design complexities. There-
fore, the obtained results are case-specific and not very re-usable for system design engineers.
This thesis proposes multi-objective optimization-based design methodology incorporating de-
sign depth in battery degradation, PV system alignment, electricity tariffs, etc. Extensive analysis
of the obtained results reveals underlying trends used to derive simple generic thumb rules for
system design that are readily usable by system engineers.

6.4 Recommendations for future research

The following recommendations for future research can be made: Regarding the design of multi-active
bridge (MAB) converters as smart-power-router:

* Plug and play scalable MAB converter modules:
Multi-active bridge (MAB) converter based centralized nanogrid architecture is not easily scalable.
The hardware-based decoupling approach proposed in this thesis solves the main obstacle
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towards making MAB converters scalable in terms of the number of ports and power transfer
capability. To that end, the design of a modular multi-active bridge (MMAB) converter with
scalable modules with plug and play capability can be an exciting direction for future research.
MMAB converter can be the AC backbone for future DC homes combining the plug and play
capability of AC due to natural zero-crossing and the energy efficiency of DC.

Develop modulation techniques to achieve soft-switching and higher efficiencies:
Traditionally, determining the soft-switching conditions of MAB converter ports is difficult as the
inductor current shape of one port is dependent on the phase shifts of other ports. The hardware
decoupling strategy of MAB converters magnetically decouples the ports from each other, re-
sulting in a parallel combination of multiple dual active bridge (DAB) converters. Consequently,
the waveform of the transformer winding currents of individual ports becomes independent of
the ports’ phase shifts. Therefore, independent decentralized modulation techniques to achieve
soft-switching for each MAB port are easier to develop. Eliminating switching losses would lead
to even higher efficiencies and allows the increase of switching frequency resulting in high power
density and low-cost MAB converters.

Regarding the integration of wireless EV charging technology in smart homes:

* Space mapping technique to reduce optimization times:

Modeling the electromagnetic behavior of inductive power transfer (IPT) couplers is critical in
designing highly efficient and safe IPT systems. Traditionally, numerical 3D models are used
to model IPT couplers, which are accurate but computationally expensive. Axial symmetries of
couplers are exploited to reduce the computational load to limited success. Therefore, research
can be conducted towards using mathematical tools like space mapping technique to achieve a
satisfactory optimal solution with a minimal number of computationally expensive “fine” model
evaluations.

Investigate inter-operability of different magnetic couplers:

Different types of couplers are proposed for IPT based EV charging. Detailed analysis of optimized
couplers has shown that there is no single coupler topology, which is the objectively best in all
performance metrics. For example, unipolar couplers like circular have the highest efficiencies
for the same material effort while bi-polar coupler BPP has a high tolerance to misalignment.
Due to alack of standardization, it can be assumed different manufacturers can select different
coupler topologies. Therefore, studying the interoperability of different coil combinations is
essential.

Regarding the PV-battery system sizing for smart homes:
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* Incorporate load-pv forecasting based intelligent power management algorithms:

A simple rule-based power management algorithm is used in this thesis to size the PV-battery
system for smart homes optimally. A more intelligent algorithm that takes into account load and
PV forecasting can lead to better utilization of battery and PV systems, which can reduce the
storage size and thereby system cost.



6.4. Recommendations for future research

* Study the effect of smart EV charging on optimal system sizing:
In this thesis, the electric vehicle (EV) is assumed to be a dumb load similar to the other house-
hold appliances. Incorporating smart charging of the EV with possible bi-directional vehicle to
home (V2H) and vehicle to grid (V2G) services can positively reduce the storage requirements of
the household leading to overall cost reduction.
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.\ Discrete Time ADRC

A.1 Extended state observer (ESO) digital implementation

The decoupling performance of ADRC based controller in MAB converters is shown in simulation
studies in continuous time domain. For practical implementation on the microcontroller, a discrete
time ADRC formulation is constructed to observe all the relevant dynamics. The standard approach of
discretizing the extended state observer is:

X(k+1)=Aq-%(k) +Bqu(k) +L-[y(k) - Cqx(k)] (A.1)

where Aq, Bq and Cq are the discrete-time versions of the state-space model matrices in equation (3.32)
which can be obtained by Euler’s method of discretization [? |:
o) Ai'Ti [e) Ai_1~Ti

Ad=1i+) _|5, dez_—'s-B, Cq=C, Dgq=D (A.2)
i=1 b =1

where T is the sampling time of the controller, i is the order of the system, and I; is identity matrix of
i-th order.

For the first-order plant, the discrete state-space matrcies can be presented as follows:

1 T
0 1

bo.Ts

Aq=
d 0

)

, Ca=I[1 0], Dgq=0 (A.3)

For the second-order plant, the discrete state-space matrcies can be presented as follows:

T? T2
1 T bo.Ts
Ag=10 1 Ts|, Ba=|hyTs|, Ca=I[1 0 0], Dg=0 (A.4)
0 0 1 0

The discrete observer described by equation (A.1) is known as the "prediction observer" since it predicts
the state values at the subsequent time step X(k+1) using the current measurement y(k). This approach
is known to have performance issues as there are time delays introduced in the control loop since
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X(k) does not depend on current measurement y(k). To improve the performance of the observer, a
"filtered" or "current” state observer is built based on the two steps. First, the prediction step:

X(k+1lk) =Aq- x(klk) +Bq - t(k) (Prediction) (A.5)

which predicts X(k+1|k) based on measurements of previous time step k. Then, the following correction
step is used to obtain the final estimate X(k + 1|k + 1) based on most recent measurement y(k + 1):

X(k+1lk+1) =x(k+1lk)+L-[y(k+1) - Cqx(k +1]k)] (Correction) (A.6)

If he prediction output is fed into the correction equation and renaming X(k + 1|k + 1) = X(k + 1), one
update equation for the observer is obtained:

X(k+1) =Agso - X(k) + Bgso - #1(k) + Lgso - y(k) (A7)
where the ESO terms are as follows:

Agso = (Ag —L-Cq-Ay), Bgso = (Bg —L-Cq-By), Lgso =L (A.8)

Extended
State
Observer

(b)

Figure A.1: (a) Conventional control structure of second order ADRC controller, (b) control loop with modified
ADRC structure and transformed state variables Z resulting in lower computation load.
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A.2 Optimized low latency ADRC implementation

In a practical discrete-time implementation, the lag between sensor input and controller output should
be as small as possible, which means that one should try to reduce the computational effort for a
controller. Due to the observer-based approach, ADRC has a much bigger computational footprint
than a classical PI type controller. Therefore, it is important to reduce the computational footprint of
the observer on the micro-controller. Failure to do so might result in the crash of the controller as the
sensor updates the new value of the measurement by the time the controller has generated a control
action. Additionally, the variable values generated by the higer order state observers can have high data
storage requirements which might also overload the micro-controller and affect its performance.

Figure A.1a shows the conventional second-order ADRC structure with controller gains. The controller
structure can be simplified by scaling the outputs of the observers so that the multiplications by K}, Kg
and by can be eliminated. Therefore, the overall latency due to coumputaional requirements is reduced.
The new transformed state variables can be represented as the following depending on the plant order:

71 = —pzl, Zp=—2p (First order ADRC) (A.9)
bo by

., Ky, Ky, . 1

71 =—171, 2p = —12p, 73 = —2z3 (Second order ADRC) (A.10)
bo bo bo

The controller structure of the modified ADRC is shown in Figure A.1b. The variable transformation
matrix used to transform the old state variables z to the new state variables is represented as:

1|K, 0
T=—|P ., (First order ADRC) (A.11)
be|0 1
) [k, 0 0
T= o 0 Ky 0|, (Secondorder ADRC) (A.12)
0
0 0 1

Using this transformation matrix T, the new state space equations of the optimized ESO can be obtained:

Apso=T-Agso- T, Beso = T+ Beso, Leso = T+ Leso (A.13)
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Li-ion battery degradation model

The main goal of this modelling process is to estimate the lifetime as a function of the operating
conditions associated with the application:

Lpatt = f(SoC,DoD, Cior) (B.1)

where Cyo is the total Ah processed by the battery in that load cycle. It has been pointed out in [? ] that
SoC and DoD data of a load cycle is not sufficient to model capacity fading. To that end, instead of
initial SoC and DoD of a battery, the terms SoC,yg and SoCgey are introduced:

1
S0Cavg = — Y_ SoC(n)dt (B.2)
Atn tn—l
3 &
S0Cqev =2 Y (SoC(#) — SoCayg)?dt (B.3)
ntp-1

where At is the time-period of individual timeslots. S0Cgey is the normalized standard deviation from
SoCavg. For example, a battery with an initial SoC of 100% cycled with 100% DoD corresponds to 50%
SoCavg with 50% SoCgey.

The rate of capacity fading (¢) is dependent on an exponential function consisting of S0Cayg and SoCgey-
The empirical equation provided in [? ] is shown below:

8 (S0Cayg, S0Cdey) = k1S0Cqey.e250Cas 4 feg eks-S0Cder (B.4)

where constants kj — k4 are obtained by curve fitting techniques on experimental data on LiFePO,

Table B.1: Capacity fading model parameters

ky | -4.092e-4 | ks | 1.408e-5
ko -2.167 ky 6.130

cells( Table B.1) The unit of capacity fading rate (6¢) is Ah faded per Ah processed. For a particular
cycle, the values of SoCayg and SoCqey determine the fading rate 6 and coupled with the Ah processed
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Figure B.1: Rate of capacity fading of a lithium-ion battery with Ah processed at different battery cycle
characteristics based on empirical model developed in Lam et al.

in that cycle gives the total capacity fade in that particular cycle. Therefore, in case of nanogrid storage
applications, the total capacity fade () after n cycles would be:

n n
E=Y 6E= Y (k1S0Cqey;.e 250Casi + kg eks-S0Caeniy A, (B.5)
i=1 i=1

Figure B.1 illustrates the effect of operating conditions like SoC,,¢ and SoCg,, on battery capacity
fading rate. It can be seen from the plot that battery cycles with similar SoCg,, or DoD degrades the
battery faster if the SoCgy of the cycle is higher.
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