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Electric energy consumption is increasing much faster than the predicted growth in
energy generation. Although the installed capacity of renewable energy sources is also
expanding, grid congestion remains unavoidable without adopting smart energy
management systems and flexible power electronics structures. Therefore, the rise of
electric energy consumption and electric energy congestion is leading to the necessity of
autonomous residential buildings. With the increase of domestic generation resources
(mainly photovoltaic), and the use of storage systems in many buildings, moving towards
zero-emission buildings (ZEBs) and the utilization of the dc system along with ac system
1s being developed. For this purpose, a new technology, called an energy router (ER) with
ac and dc ports, was proposed in recent years. Researchers have already proposed various
topologies and control strategies for ER; however, there are still research gaps and
challenges that should be addressed. Safety and protection issues and the control response
in dynamic conditions are among these challenges.

Chapter one provides a general review of power electronics solutions for ZEBs. By
exploring the promising future of the low-voltage dc industry in ZEBs, the study presents
and compares different configurations for ER and grid-connected scenarios, evaluating
their overall efficiencies across hybrid, dc, and ac technologies.

Chapter two comprehensively deals with the integration of dc systems and related
challenges. Dc microgrids, along with existing ac grids, are a future trend in energy
distribution systems. However, there are not yet sufficient standards to integrate dc

systems into the ac grid, and safety considerations remain a problem. At the same time,



many related issues are still undefined and unsolved. In particular, uncertainty prevails in
isolation requirements between ac grids and novel microgrids, as well as in the grounding
approaches. This chapter first deals with different integration solutions and then
investigates leakage currents and different grounding types and configurations, both on
ac and dc sides. It provides an overview of possible grounding approaches at the
connection points and the feasibility of avoiding isolation between ac grid and dc systems.
Furthermore, it proposes solutions for challenges related to protection, grounding, and
leakage currents. Finally, considering the importance of grounding and protecting
personnel and equipment on both ac and dc sides, the use of common-ground structures
is introduced as an effective method.

Regarding the integration challenges and scenarios, chapter three introduces the
proposed structure of a single-cell three-phase ER based on the common-ground inverter.
In this topology, dc link can access all three phases and balance them without the
complexities and costs associated with conventional three-phase systems. Common-
ground structure creates the same ground on both ac and dc sides that not only provides
safety and protection on both sides, but also decreases the cost and weight since it
eliminates isolation. Inverter operating mode and modulation, component design of
different parts, and then protection and dc circuit breaker are also described in detail.

Chapter four focuses on control strategy and describes different control levels in
an ER. The ER system integrates multiple power sources and sinks, and any sudden
change in a subsystem can introduce dynamic conditions across the entire system. To
enhance the dynamic performance of a multiport ER, flatness-based control (FBC) theory
is applied to the low-level control (inner loops) of the ER, ensuring a fast and robust
control response in dynamic conditions. The presented method guarantees a robust dc-
link in any dynamic conditions. In this method, with the algebraic and analytical
relationships, the system can be controlled effectively. Therefore, the amount of system
calculations is reduced, and it does not require solving the optimization problem at each
time step. While FBC can be used for both dc-link and the grid current control, the
proportional resonance (PR) controller is also described in this chapter as a reliable

alternative for grid current, which can effectively eliminate different harmonics. At the



end, this chapter examines the high-level energy management system solutions from a
simple local-based to a high-tech solution, emphasizing the shift to full digitalization
through a combination of cloud-based and edge-computing platforms.

Finally, chapter five presents simulation and experimental results. Simulation
results are provided to validate the proposed control solution and compare the control
response and quality with conventional control solutions. In the experimental part, the
general operating modes are analyzed, and the controller response in dynamic conditions
is also investigated. At the end, general conclusions are discussed and highlighted.

Keywords: Zero-emission buildings, energy router, dc microgrid, low-voltage dc,
leakage current, grounding, single-cell three-phase, common-ground inverter, dc circuit

breaker, flatness-based control theory, dynamic conditions.



AHOTANIA

Azi3i M. EnepreTMuHuil MapuipyTH3aTOp s TIOPUIHUX MIKPOMEPEXK s
e(eKTUBHOTO Ta HAJIHHOTO KEpyBaHHsS EHEPri€l0 Ta MOTYXKHICTI0O — KBasiikariiiHa
HayKoBa po0OTa Ha MpaBax pyKONHCY.

Huceprariss Ha 3100yTTS TMOJABIMHOTO CTyNeHs JoKTopa dimocodii 3a
cnemianbHicTiIO 141 — «EnexkTtpoeHepreTuka, €IEKTPOTEXHIKA Ta EIEKTPOMEXaHIKay,
kadeapa  CNEeKTPOTEXHIKM  Ta  1H(POPMAIIHHO-BUMIPIOBAIBHUX  TEXHOJIOTIH,
YepHITriBChbKUN MOMITEXHIYHUI HaIllOHAIBHUN YHIBEpCUTET, MIHICTEpCTBO OCBITH 1
Haykd YKpaiHu; Ta 3a HanpsaMmoM R024 — nokrtopaHTypa 3 MPOMHCIOBOI 1HXKEHEpIi,
VuiBepcuter Ectpemanypu, kadenpa eneKTpuyHOi, €IEKTPOHHOI Ta aBTOMATHU3AI[IHHOT
1HxeHepii, bagaxoc, Icnanis.

Crio>kxuBaHHS €JIEKTPUYHOI €HEeprii 3pOCTae 3HaYHO MIBUJLIE, HI)K IPOrHO30BaHE
3pocTaHHA il reHepailii. Xoya BCTAHOBJIEHA OTYKHICTh BIIHOBIIOBAaHUX JKEPET €Hepril
TaKOXK 3pOCTa€, TEPEBAHTAXKECHHS EIEKTPOMEPEXK 3aTUIIA€ThCS HEMUHYyUYUM 0e3
BIIPOBAKEHHSI 1HTEJIEKTYyaJIbHUX CHCTEM KEPYBAHHSI €HEPri€l0 Ta THYUKUX CTPYKTYp
CUJIOBOi  €JIEKTpOHIKM. ToMy  3pOoCTaHHSI  CIOXHMBAaHHA  €JIEKTPOEHEeprii  Ta
MEePEBAHTAXCHHS MEPEeXKl MPU3BOAUTH JIO HEOOXITHOCTI ABTOHOMHHUX JKUTIOBHX
OyniBenb. 31 30UTBIICHHSM KUIBKOCTI JIOKAJIBHUX JDKEpeN TreHeparli (mepeBaxHo
(OTOENEKTPUYHUX) Ta BAKOPUCTAHHSIM CUCTEM 30€piraHHs eHeprii y 6ararbox OyaiBiIsX
PO3BUBAETHCS HAMpPsIM A0 OyiBenb 3 HyJdb0BUMH Bukuaamu (ZEB) Ta BukopucTaHHs
noctiiHoro ctpymy (DC) nopsia 13 cuctemamu 3MiHHOTO cTpymy (AC). 3 i€ METOO B
OCTaHHI POKH 3aIIPOIIOHOBAHO HOBY TEXHOJIOT1I0 — eHepreTuuHuil mapurpytuszatop (ER)
13 IOpTamMH 3MIHHOTO Ta MOCTIHHOTO CTpyMy. JlOCIITHUKN B)KE 3alpOINOHYBaJId pi3HI
TOMOJIOTIT Ta cTparerii kepyBaHHs ER, olHaK 3aMuIIal0ThCs JOCIITHUIIBK] MPOTAIMHU Ta
BUKJIMKH, SIK1 TOTpeOYyIOTh BupilieHHs. [Iutanns Oe3neku, 3aXucTy Ta peakiii CUCTeMHU
KEepYBaHHSI B TUHAMIYHUX YMOBaX € CEpe]l OCHOBHUX MPOOIIEM.

VY mepmiomy po3aii OpeACTaBICHO 3arajbHUNM OTJISAJl CHUJIOBUX EJIIEKTPOHHUX
pimens ans ZEB. JlocnimkyeThest mepcreKTUBHE MailOyTHE 1HAYCTpii HU3bKOBOJIBTHUX

CUCTEM MOocCTiHOrO cTpyMy B ZEB, nopiBHiot0ThCs pi3Hi KoHpiryparii ER Ta crienapii



MIIKIIOYEHHS 10 MEPEX1, OI[IHIOEThCS iX 3aranbHa eheKTHBHICTH y T10puanux, DC Ta
AC TexHONOrisX.

Jpyruii po3ain TOpUCBSIUEHUM 1HTErpalii CHCTeM TMOCTIHHOTO CTpyMy Ta
OB’ A3aHUM 13 MM BUKJIMKaM. DC-Mikpomepexki pa3oM i3 HasBHUMU AC-MepexaMu €
MaiOyTHIM TPEHJIOM CHUCTEM po3nojury eHeprii. [Ipore Hapasi Opakye cTaHIapTIB IS
iaTerpariii DC-cuctem B AC-mMepexy, a mUTaHHs 0e3MeKH 3aIUIIAI0ThCs aKTyaJIbHIUMH.
bararo nop’g3aHuX NMUTaHb JOCI HE BU3HAYEHO, 30KpeMa BUMOTH 10 130l Mixk AC-
MepekaMd Ta HOBUMH MIKpOMEpEeXKaMH, a TaKOXX MIAXOAU J0 3a3eMIICHHS. Y LbOMY
O34T PO3IISAAIOTHCA Pi3HI PILIEHHS 1HTErpalii, JOCIIKYIOTbCS CTPYMH BUTOKY Ta
TUNU 1 KoH(irypanii 3azeminenHs Ha ctopoHax AC ta DC. Takoxx HaBeIE€HO OIS
MOXJIMBUX MIAXO/IB /10 3a3€MJICHHS y TOYKaX 3’ €JHAHHS Ta PO3IVISIHYTO JOILUIBHICTh
yHUKHEHHs 130ismii Mk AC-mepexero 1a DC-cuctemamu. Jlami mponoHYHOTHCS
plllieHHs JJis1 TpoOJieM, IMOB’SI3aHUX 13 3aXMCTOM, 3a3€MJICHHSIM 1 CTPyMaMH BHUTOKY.
Hapemiri, BpaxoByloouM BaXKJIMBICTh 3aXHUCTy MEPCOHANYy Ta OOJIaJHaHHS Ha 000X
CTOpPOHAX, 3aIPONOHOBAHO BUKOPUCTAHHS CTPYKTYp 13 3arajJlbHUM 3a3eMJICHHSM SIK
e(eKTUBHUN METOI.

Y TperboMy po3aiii, 3 OINIAAY Ha BUKIMUKH 1HTErparii, MpeacTaBiICHO
3aIPOIIOHOBAaHY CTPYKTYpy TpudaszHoro ER 3 o/1Hi€r0 KOMIpKOIO Ha OCHOBI 1HBEpTOpA 13
3arajJbHUM 3a3€MJICHHAM. Y 111 TONOJIOT11 JJaHKa MOCTIMHOTO CTPYMY Ma€ AOCTYI JI0 BCIX
TppOX (a3 1 Moke OaylaHcyBaTu iX 0€3 CKJIaJHOCTEH 1 BUTpAT, XapaKTEPHUX IS
TpaguLIMHUX TpudazHux cucteM. CTpyKTypa 13 3araJibHUM 3a3eMJICHHSIM 3a0e3rnedye
oJIHaKOBHUM moTteHIlian 3emii Ha ctopoHax AC 1 DC, mo miaBuilye 0e3mneky, CIpolrye
3aXHUCT, @ TAKOXK 3MEHIIIY€ BapTICTh 1 Bary CUCTEMH 33 PaxyHOK B1JICYTHOCTI MOTpeOu B
130751111, JleTalbHO OMMCaHO PeXUMHU POOOTH 1HBEPTOpA, MOIYJIALII0, MPOEKTYBAHHS
KOMITOHEHTIB, & TAKOX 3aXUCT 1 BUMUKA4 MOCTIHHOTO CTPyMYy.

YerBepTHii po3isi 30cepeKy€eThCs Ha CTPATET1i KEpyBaHHS Ta OMKUCYE Pi3HI PiBHI
ynpasmiaHs B ER. Ockinbku cucrema ER iHTerpye Kinbka JKepen Ta CIOXHBadiB
eHeprii, Oyab-siKa panToBa 3MiHAa B MIJCUCTEMI MOXE CTBOPUTH JIMHAMIYHI YMOBHU B
yChOMY KoMILIeKcl. JJ1s miABUIEHHS! AMHAMIYHHUX XapaKTepucTuk 6araronoproBoro ER

3aCTOCOBAaHO Teopito KepyBaHHs Ha ocHOBI Turackocti (FBC) Ha HmwkHBOMY piBHI



KepyBaHHs (BHYTPIIIHIX KOHTYpax), 10 3a0e3meuye MIBHIKY Ta HaAllHy peaKIiio
CUCTEMHM B JIMHAMIYHMX YMOBAaX. 3allpOIIOHOBAHUN METO]I TApaHTYy€ CTaOUIbHY poOOTY
DC-nanku 3a OyAb-KMX YMOB. 3aBIASKH aHANITUYHUM CIIBBIAHOIICHHSIM CHCTEMa
KepyeTbes €PpEeKTUBHO, 110 3MEHIIye OOYMCITIOBAIbHI BUTPATH Ta YCyBa€ HEOOX1HICTh
PO3B’s3yBaHHS 3aja4 ONTUMI3allli Ha KokHOMY Kpoiii. Xoua FBC mosHa 3actocoByBaTH
Ak s kepyBaHHS DC-11aHKOI0, Tak 1 CTPYMOM MEPEXi, Y IbOMY PO3/ILTi TAaK0XK OIHCAHO
npornopiiiHo-pe3oHancHui (PR) koHTposiep sk HamiiHy adbTepHATHUBY JJIsI KEPYBaHHS
CTPyMOM Mepexi, 31aTHy e(QeKTUBHO yCyBaTh TrapMoHikd. Hampukinii posaity
PO3IIISIHYTO PIILIEHHS JAJI1 CUCTEM YIPAaBIIIHHS €HEPT1€I0 BEPXHBOIO PIBHS — B1JI MPOCTHUX
JIOKQJIBHUX 1O BUCOKOTEXHOJOTIYHMX pIlI€Hb, 3 aKIEHTOM Ha MepexiJ A0 IMOBHOI
uudpoBsizailii yepes3 noegHaHHA XMapHux 1 edge-matdopm.

[T’ siT1it pO31I1I MICTUTH PE3YJIbTATH MOJEIIIOBAHHS Ta EKCIIEPUMEHTIB. Pe3ynbTatu
MOJICJIIOBAHHSI IMIATBEPKYIOTh €(EKTUBHICTh 3allPOINIOHOBAHOTO KOHTpoOJiepa Ta
MOPIBHIOIOTh HOTO XapakTEPUCTHUKU 3 TPAJAULIMHUMU METOAaMH KepyBaHHS. B
EKCIIEpUMEHTAJIbHIN YacCTHHI MPOaHaII30BaHO OCHOBHI PEXUMH pOOOTH CUCTEMH Ta
MOBEMIIHKY KOHTpOJiepa B JWHAMIYHUX YyMoBax. HampukiHili HaBeIEeHO 3arajibHi
BUCHOBKH Ta y3araJbHEHHS.

Knrouoei cnosa: 6yaiBii 3 HyJbOBUMH BUKHIaMU, EHEPTETUYHUM MapILLIPyTU3aTOpP,
MIKpOMEpexa TMOCTIHHOTO CTpyMy, HH3bKOBOJbTHa DC-cucrema, CTpyM BHUTOKY,
3a3eMJICHHS, Tpu(a3zHa CTPYKTypa 3 OJHIEI0 KOMIPKOIO, IHBEPTOp 13 3arajibHUM
3a3eMJICHHSIM, BUMHUKA4 TMOCTIMHOTO CTPyMy, TE€OpPisl KEPYBaHHS HAa OCHOBI IJIACKOCTI,

JUHAMIYH1 YMOBH.
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INTRODUCTION

Justification of the choice of research topic. With the increasing utilization of
renewable energy and the development of zero-emission building (ZEB) concepts and the
move towards dc or hybrid systems, the development of interface converters between dc
buildings and ac grids is crucial. While the way to decrease cost, weight, and volume is
always open, existing structures face challenges in terms of supplying dc loads and
ensuring the safety of personnel and equipment at the connection point of the dc system to
the ac grid. On the other hand, considering the connection of different sources and loads in
this interface converter, improving the control system to manage loads and dynamic
conditions is another important aspect of this study.

Energy supply has always been a critical issue of concern for governments. In the
last few years, the combined challenges of the supply gas crisis to power plants and the
increase in electricity demand, following the removal of the restrictions of Covid-19, have
caused a significant increase in the price of electricity. On the other hand, energy
production from clean and renewable energy sources (RES) has become crucial due to
environmental reasons and the need to reduce greenhouse gases. While many countries
incorporated the production of electricity from RES into their general policies and
numerous renewable power plants have been built, a significant part of the electricity
generated is still produced by combustion power plants. According to recent statistics, for
the contribution of different sources of electricity generation in the EU, nearly 40% of the
produced electricity comes from combustion plants, while wind plants provide nearly
16% and solar plants only account for 7% [1]. Fig. 1 illustrates the electricity production
share from various sources and the solar energy share in the utility-scale and rooftop
sectors for EU countries [1]. In 2023, the share of solar power was close to 263 GW, 66%
of which was produced in the rooftop sector [2].

Along with the increase in photovoltaic (PV) installed in the distribution network,
battery storage systems (BSS) have also faced significant growth for grid-independent
operations. According to Solar Power Europe statistics, the annual capacity growth of

BSSs in 2023 has reached 17.2GWh, with a 94% growth compared to 2022 [3].
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Fig. 1 Energy production and solar shares at utility-scale and rooftop parts from

2020 to 2023 in the EU.

In 2022, the European Union adopted a roadmap to accelerate solar energy
strategies [4], specifically aiming to require rooftop solar on all new buildings. Therefore,
dealing with small-scale solar power plants and providing solutions to improve efficiency
and performance becomes particularly crucial.

Residential or industrial units equipped with PV and storage systems in the
distribution sector not only contribute effectively to electricity production but also offer
uninterrupted power supply capabilities, along with bringing economic benefits to the
owners of these small-scale power plants. Therefore, such solutions fully accomplish the
Nearly-Zero Energy Buildings (NZEBs) [5] and ZEB concepts [6].

At the same time, electric energy consumption is rising much faster than predicted
energy generation. The electrification of public and private transportation exacerbates the
problem. Considering the unpredictable nature of RESs, grid congestion is unavoidable
in most developed countries without increasing grid capacity and the adoption of smart
energy management systems (EMS). In this context, with the development of control
methods and the application of management strategies, the new intelligent and integrated
power electronics interface, often called the energy router (ER), is needed.

This thesis first reviews the current power electronics solutions for ZEBs and
analyzes different scenarios of dc system integration. Given the importance of protection
and safety, it comprehensively examines the dc system, grounding, and leakage currents

at the point where the dc system connects to the ac grid. Analyzing different
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configurations and connection scenarios and protection levels, this work proposes using
an ER structure based on a common-ground inverter. Having the same ground on both dc
and ac sides eliminates leakage currents and provides safety criteria in dc nanogrid. The
proposed ER is a single-cell three-phase (SC-TP) type, which allows access to all three
phases and phase balancing through a smart EMS. The proposed structure not only
enhances PV self-consumption and reduces phase unbalance compared to single-phase
systems but also offers significant cost advantages relative to the three-cell three-phase
architecture. Control strategies at different levels are analyzed, and then an effective
solution in low-level control is applied to enhance the dc-link robustness in dynamic
conditions. Unlike conventional control methods that may halt system operation for
protection during severe dynamic disturbances, the proposed method delivers a precise
and fast control response, thereby significantly enhancing system reliability. Finally, the
simulation and experimental results validate the operation of this structure and the control
solution.

The connection of the work with scientific programs, plans, topics, and grants.
The doctoral research presented in this thesis, which focuses on the design and
implementation of a power electronic converter enabling the integration of BSS with PV
generation at the residential scale, is closely aligned with the strategic priorities of the
European Union in the fields of energy transition, sustainability, and technological
innovation.

First, the work directly addresses the objectives of the European Green Deal,
particularly the decarbonization of the energy system and the large-scale deployment of
renewable energy sources. By enabling the efficient coupling of photovoltaic generation
with residential battery storage, the proposed solution contributes to enhancing self-
consumption, reducing greenhouse gas emissions, and lowering the dependence on fossil
fuels in the domestic sector.

Moreover, the research aligns with the goals of the Horizon Europe framework
program, particularly within the thematic clusters related to Climate, Energy, and
Mobility. The proposed converter technology supports the integration of distributed

renewable generation and storage, contributing to improved system efficiency, enhanced
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grid flexibility, and greater resilience, key enablers for the modernization of the European
energy infrastructure.

In addition, the thesis aligns with the EU’s strategy on the digitalization of the
energy sector, as advanced power electronic interfaces facilitate active demand-side
management and dynamic interaction with the grid. Such functionalities create
opportunities for the development of local energy communities and foster greater citizen
participation in the energy market, both of which are central elements of the Union’s
vision for a sustainable and decentralized energy system.

Overall, the contributions of this doctoral work resonate with several of the EU’s

priority thematic areas, including:
= The transition towards a climate-neutral energy system.
= The promotion of distributed renewable generation and energy storage solutions.
» The improvement of energy efficiency and sustainability in the residential sector.

» The advancement of technological innovation in power electronics applied to

renewable integration.

In this context, the outcomes of the research represent not only a scientific and
technological contribution but also a tangible step in support of the European Union’s
overarching strategies for a cleaner, more decentralized, and resilient energy future.

This project has received funding from the European Union’s Framework Program
for Research and Innovation Horizon 2020 (2014-2020) under the Marie Sktodowska-
Curie Grant Agreement No. 955614.

Additional support for this PhD was provided by the Grant PID2022-1373450A-
100, funded by MCIN/AEI/10.13039/501100011033 and co-financed by the European
Regional Development Fund (ERDF) under the slogan ‘A way of making Europe’.

The purpose and objectives of the study.

The objective of the study is to develop an ER for a hybrid nanogrid or building
that not only solves challenges of the previous ER in literature, but also improves and
proposes new features that ultimately lead to higher reliability, efficiency, and protection.

This goal was implemented by reviewing, analyzing, comparing, calculating,
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substantiating, modeling, and implementing a set of scientific and practical technical and

software methods and tools.

Solving the scientific problem set in the dissertation includes solving the following

set of problems:

l.

While ensuring the required safety and protection, a non-isolated structure is
proposed, which offers reduced volume, weight, and cost by eliminating the
isolation transformer.

Although using isolation between the ac grid and the dc nanogrid does not
completely suppress leakage currents, the proposed structure effectively
eliminates them by establishing a common ground for both ac and dc sides.
Considering the growing expansion of dc nano/microgrids, the implementation
of appropriate grounding systems is essential to ensure the protection of both
personnel and equipment. Unlike previous studies and conventional structures,
which often overlook comprehensive protection strategies in the dc link, this
study investigates and applies effective grounding techniques. Various
connection scenarios and tailored grounding methods are analyzed to provide
reliable protection on both the ac and dc sides.

Unlike conventional architectures that employ a single-cell configuration for
single-phase systems and a three-cell design for three-phase systems, the
proposed structure adopts a single-cell approach for three-phase operation. This
configuration enables dynamic phase selection, contributing to grid balancing
and offering considerable economic advantages by reducing hardware
complexity and cost.

Conventional structures typically rely on classical control methods at the low-
level control stage, which often exhibit sluggish performance under dynamic
conditions. The limited responsiveness of these controllers during significant
transients may trigger protective shutdowns. In this thesis, the flatness-based
control (FBC) method is selected to enhance dynamic performance. Despite

requiring relatively low computational effort, the proposed approach
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demonstrates notable improvements in dynamic response and significantly
enhances the overall reliability of the system.

The objective of the study is to realize an ER for hybrid nanogrids or ZEBs that not
only solves challenges of the previous prototype but also improves and proposes new
features that ultimately lead to higher reliability, efficiency, and protection.

The subject of research is an energy router for hybrid microgrids for efficient and
robust energy and power management.

Research methods. When solving the problems set in the dissertation, the study
and discussion of research literature, the theory of electrical and electronic circuits,
average modeling, control system design and tuning, simulation tools, and physical
experiments were used.

Mathematical modeling and calculations of processes in the hybrid ER were
performed using MATLAB, PSIM and PLECS software packages; design of the printed
circuit board was carried out by Altium Designer, and software development was
performed in Code Composer Studio.

Mathematical and computer modeling were used to verify the proposed structure
and control solutions. Computer modeling was generally performed in the PLECS and
MATLAB software packages, which are available in the project implementing
organization in the form of licensed or limited versions. The proposed control method
was compared with conventional solutions using simulation in PLECS. Final proof of the
effectiveness of the proposed solutions was determined based on experimental studies.
The proposed structure was designed, assembled, and then experimental tests were
performed in the laboratory to validate the control method under general and dynamic
conditions.

Scientific novelty of the obtained results:

1. Different types of ER topologies as interlink solutions between dc systems and
ac grid were investigated, and an ER topology based on the SC-TP concept is developed.
The proposed approach helps mitigate phase imbalance, offering economic advantages

by eliminating the need for two additional conversion cells.
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2. A comprehensive study analyzing grounding and leakage currents at the
connection point of an isolated dc system to ac grid was performed. It was first time
demonstrated, that in some specific cases, the isolation itself is not enough for dc leakage
current elimination. It is recommended to equalize the potential between dc middle point
and ac neutral point.

3. For the first time, it is demonstrated that a non-isolated ER based on a common-
ground inverter can act as an interlink solution between residential dc and ac grids and
can be connected to the residential ac system using special grounding and classical
protection scheme.

4. FBC theory was for the first time applied to the ER to improve control response
in dynamic conditions and enhance the reliability level of the multiport ER. While
conventional methods have a relatively slow response in dynamic conditions, which may
trip the protection system, FBC provides a very fast and robust response in these
conditions.

Practical significance of the results obtained:

1. Different tests, including dc-mode, grid-forming and grid-following approaches,
were conducted. In the case of the connection of PV and battery, energy flow was checked
based on the proposed EMS. These tests were done at different power levels and different
dc and ac load conditions to check the reliability of the system. Oscillogram results were
captured to be used in the thesis and related publications.

2. FBC theory was applied to enhance control response in dynamic conditions. An
attempt was made to reach the best coefficients for the best responses in dynamic
conditions, such as a huge step change in loads. Oscillogram results obtained for these
cases prove the significant contribution of this work.

3. The results of the research obtained during the project can be used in the
educational process to improve lecture courses and update laboratory work cycles in the
disciplines "Foreign language for professional purposes" (specialty 141 Electrical power
engineering, electrical engineering and electromechanics", educational and qualification
level "Master") and "Modern electricity generation and distribution systems", "Electrical

energy converters for renewable energy systems" (specialty 141 "Electrical power
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engineering, electrical engineering and electromechanics"), educational and scientific
level "Doctor of Philosophy".

Personal contribution of the applicant. The author directly carried out:

— Reviewing the existing structure of ERs and analyzing their performance in
different modes and safety conditions.

— Comparative analysis of different isolated dc-dc converters for low-power
applications to be used in the overall ER structure.

— Comparative analysis for different scenarios of NZEB connection to the ac grid.

— Development of the simulation model in PLECS software to analyze the open-
loop and closed-loop operation, as well as the control system at different levels.

— Studying, modeling and simulating common-ground structures to be used in the
general structure of the ER to enhance safety.

— Analyzing and applying modulation techniques for the common-grounded
inverter in ERER for an accurate operation in boost, buck and buck-boost modes.

— Reviewing and analyzing dc and ac leakage current and grounding type and
configurations in dc and ac systems.

— Analyzing and modeling different scenarios for connecting dc and hybrid NZEB
to the ac grid, regarding safety issues in both dc and ac sides.

— Analyzing and simulating dc leakage current in the isolated connection of the ER
to ac grid.

— Proposing and tuning of the control system based on FBC theory in ER simulation
to enhance control response in dynamic conditions.

— Assembling the experimental setup to analyze the general open-loop operation of
different parts and converters in the ER system.

— Running experimental tests for different operation modes, including dc-mode,
grid-forming, and grid following, as well as dynamic conditions of step changes in loads.

Scientific works published in co-authorship with O. Husev, O. Veligorsky, C.R.
Clemente, S. Rahimpour, as well as with Professors R. Strzelecki, D. Vinnikov, J.

Martins, and E. Monmasson.

23



Co-authors of scientific works are the scientific supervisor, O. Husev, and the
scientists with whom the research was conducted. In scientific works published in co-
authorship, the doctoral candidate owns the factual material and the main creative work.

Setting the goal and objectives, and discussing the results, were carried out together
with the scientific supervisor.

Approval of the results of the dissertation. The main provisions of the
dissertation were reported and discussed at four international scientific and technical
conferences, namely:

— 20" International Power Electronics and Motion Control Conference (PEMC)
IEEE 2022 (Brasov, Romania) 25-28 September 2022.

17" International Conference on Compatibility, Power Electronics and Power
Engineering (CPE-PowerENG) 2023 (Tallinn, Estonia), 14-16 June 2023.

18" International Conference on Compatibility, Power Electronics and Power
Engineering (CPE-PowerENG) 2024 (Gdynia, Poland), 24-26 June 2024.

19" International Conference on Compatibility, Power Electronics and Power
Engineering (CPE-PowerENG) 2024 (Antalya, Turkey), 20-22 May 2025.

Thesis scope and structure. The dissertation is presented on 150 pages of
typewritten text, consists of an introduction, five chapters, general conclusions, a list of
sources used, and 1 appendix. The main text of the dissertation is 128 pages of printed
text. The work is illustrated with 13 tables and 57 figures. The list of sources used contains

169 references.
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1 POWER ELECTRONICS SOLUTIONS FOR PV-INTEGRATED
RESIDENTIAL BUILDINGS

1.1 State of the art of power electronics for PV systems

The increasing integration of PV systems and energy storage solutions in
residential buildings, coupled with the new trends in PV-integrated energy communities,
has led to the development of various power electronics devices and energy management
systems (EMSs). During the last few decades, solar inverters have been used to supply
buildings and inject solar power into the grid [7]. Within the past few decades, companies
like SMA, Fronius, Growatt, etc. have produced solar inverters in different power ranges
for single-phase and three-phase grid connections. In these inverters, the focus has been
more on the number of maximum power point trackings (MPPTs) and the overall
efficiency.

Considering the importance of reliability and a constant supply of electricity,
hybrid inverters were introduced, offering the option of integrating a storage system
through their dc-link. In primary models of hybrid inverters and certain current products
(Voltronic Axpert VP 3000 24V), the storage system lacks intelligent functionality and
operates independently. In contrast, the latest generation of hybrid inverters from
companies such as SMA (Sunny Boy) and Growatt integrate seamlessly with EMSs.
These advanced inverters not only optimize energy usage but also provide intelligent
management of loads and storage systems through dedicated applications, which
ultimately leads to increased economic efficiency [8].

In recent years, focusing on storage and backup during power grid blackouts,
Powerwall systems have entered the market. In its newest version, it is also equipped with
a solar inverter and has the concept of all-in-one. This smart structure also has the ability
to control and monitor the stored energy, load consumption, and PV system production
via the developed application. Fig. 1.1 shows these technologies for ZEBs.

At the same time, all devices available on the market do not provide smart
functionality, and smart meters are required for energy-flow monitoring [9]. With the

advancement of power electronic converters and intelligent control methods, including
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optimization capabilities, the Energy Router (ER) title was given to the future smart
structures. An ER is an advanced power electronic interface designed not only to convert
power between ac and dc, but also to manage and route energy flows among multiple
sources, storage units, and loads. Unlike conventional PV inverters, which only convert
solar dc to grid-synchronized ac, and hybrid inverters, which combine solar and battery
management, the ER acts as a central hub enabling coordinated control, optimal
utilization, and intelligent energy distribution in modern power systems. Fig. 1.2
illustrates an ER system and its wireless communication. As can be seen, different parts

send data to the ER and based on the EMS, energy routing will be done between different

parts.
Powerwall
Solar inverter
T Jue§
PV

—/1 b

Building loads
a0
Building loads
Hybrid inverter ] o
- All these cases are designed for ac buildings.
- Solar inverter is suitable for a limit budget.
_—
PV

- Powerwalls have a fixed storage capacity.
- Powerwall is user-friendly and can be easily

- El o controlled and monitored.

L0

Storage Building loads

Fig. 1.1 Latest technologies for residential buildings equipped with PV and storage
systems.
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Fig. 1.2 General structure of an ER system and its wireless communication.

Over the past decade, the ER concept has evolved through various perspectives.
While numerous studies have emphasized high-level control approaches and the
development of efficient EMS tailored for conventional ER configurations [10]-[16],
other research efforts have focused on proposing alternative ER architectures. These
architectures differ primarily in terms of galvanic isolation, single-phase versus three-
phase design, circuit topology, and their ability to supply dc loads. For instance, in [17],
a back-to-back (B2B) structure is suggested, which utilizes two inverters: one for
supplying ac loads and one to interact with the grid. These recent studies primarily address
the issue of energy optimization and management, and occasionally introduce new
structures. However, an ER comes with issues related to protection, safety, and energy
management. Galvanic isolation or special topology should be used to eliminate leakage
current. Grounding and other protections should also be implemented on both the dc and
ac sides to prevent electric shock and damage to equipment. A non-isolated three-phase
multiport ER with dc load supply capability is presented in [ 18], where a comprehensive

multi-level control strategy is proposed with an emphasis on battery management.
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However, critical aspects such as safety and grounding are not discussed. In contrast, [19]
introduces an isolated three-phase ER for high power applications, employing a cascaded
configuration, where power balance across different subsystems is analyzed. Nonetheless,
this study lacks the ability to supply dc loads or establish connections with other dc
nanogrids.

The transition toward dc or hybrid architectures has received increasing attention
in recent years. This growing interest is largely attributed to the intrinsic advantages of
dc systems, including the elimination of synchronization and the absence of reactive
power issues. As a result, dc-adaptive topologies have emerged as promising solutions,
particularly due to their high compatibility with PV and BSS, thereby enabling improved
overall efficiency. A substantial body of research has been dedicated to evaluating
efficiency improvements and addressing the technical challenges associated with dc
systems [20],[21]. One major research focus involves the design and implementation of
Direct current circuit breakers (DCCBs) with various topological configurations, driven
by the lack of a natural current zero-crossing, which complicates interruption mechanisms

[22].

1.1.1 Protection measures

Since an ER has a dc link to supply dc loads or connect to other dc nanogrids, it is
essential to protect the dc link from short-circuits and provide an effective solution for
the timely interruption of the fault current. Considering the absence of a zero-crossing
point in the dc system and the high current increase ratio in the event of a fault, it is
essential to use an efficient and highly reliable structure. In recent years, dc microgrids
have received attention and various structures have been proposed for DCCBs [23],[24].
DCCBs are generally divided into three categories: Electromechanical, Solid-state, and
Hybrid. The operation of the electromechanical structure is associated with the creation
of an arc and a relatively low interruption speed. The low speed of operation in this
structure causes the loss of circuit components (switches, etc.), and the arc created also

causes corrosion of the conductors [25].
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To increase the speed of operation in recent years, solid-state DCCBs have been
proposed. This type of circuit breaker is itself divided into two types: semi-controlled
devices, such as silicon controlled rectifiers (SCRs) [26],[27] and fully controlled
switching devices such as IGBTs and MOSFETs [28]. The characteristics of each of these
structures are found in detail in [22]. The hybrid structure is also the result of combining
the electromechanical structure with the solid-state. The hybrid structure has lower losses
than the electromechanical structures, but still has disadvantages such as low operating
speed and high cost. A review and comparison of different technologies can be found in
[29]. The DCCB used in the ER of this work is of the solid-state type, introduced in [22],
which is accompanied by a higher reliability and safety level.

Additionally, in efforts to improve safety and grounding performance, the use of
common-ground inverters has gained significant traction as an effective approach to
mitigate leakage current issues, especially in PV-based applications [20]-[30]. Common-
ground inverters provide a common ground for both the dc source and ac output to
eliminate the leakage current induced by the parasitic capacitance. Among the different
studies, it was found that the topology introduced in [31] has a higher reliability and
lower voltage stress on semiconductor devices, and it was used for the proposed ER

structure in this work.

1.1.2 Control system of energy router

Along with the structural layout, the control system of ER at different levels is also
a topic of much research. Fig. 1.3 shows the simplified sketch of the classical control
system of the ER. The ER's control system includes different levels. As can be seen, high-
level control is responsible for EMS, determining reference values based on provided
information on consumption levels and the state of charge (SoC) of BSS. EMS can be
local (simple rule-based) or cloud-based, incorporating advanced communication and
optimization algorithms. The control of dc-dc converters for the PV and BSS is at mid-
levels and uses PI controllers and reference values to regulate the power flow of PV and
BSS. In mid-level, the PV and BSS reference currents are set based on the grid connection

state, through the dc-link voltage error and an outer PI controller, or by EMS at a higher
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level. Once the reference values (Ip;, and I5¢s) are obtained, they will be compared to the
corresponding reference currents, and then the error will be sent to the inner PI controllers
to produce modulation signals. Low-level control handles the grid current, regulates dc
link voltage and grid synchronization. In low-level control, a PI outer control loop along

with a Phase Lock Loop (PLL) sets the grid reference current (iy) to regulate de link
voltage, and the i is compared to i, in an inner loop, and the error is sent to another PI

or a proportional resonance (PR) controller in dg frame to produce a modulation reference

voltage and control the grid current.
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Fig. 1.3. The simplified block diagram of the classical control strategy of ER for

different control levels.

In low and mid-level control, classical control strategies are primarily used and

designed to regulate the dc-link and manage power exchange with the grid. While these
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methods demonstrate acceptable performance, they often exhibit relatively slow dynamic
responses [323232]. An ER integrates multiple sources and loads through a common dc
link, where any dynamic disturbance in one component can affect the entire system or
even trigger protection mechanisms and interrupt operation. Therefore, a robust control
strategy with fast dynamic response is essential to ensure stable operation and enhance
system reliability.

To enhance system response in dynamic conditions, various solutions have been
proposed in studies. For instance, adaptive PI controllers (APIs) dynamically adjust
parameters based on operating conditions, improving system performance under
uncertainties [33]. However, they introduce higher design complexity and difficulties in
defining adaptive tuning rules. Another approach to improve dynamic response is fuzzy
logic control (FLC). This method particularly benefits nonlinear systems, offering high
flexibility and independence from an accurate system model [34]. Nevertheless, its
effectiveness i1s highly dependent on the design of rule sets, and its optimality cannot
always be guaranteed, leading to performance uncertainties. Model predictive control
(MPC) has also been widely investigated [16], [35], [36]. While MPC can handle multi-
variable systems and constraints efficiently, it demands high computational power,
complex tuning procedures, and an accurate system model to ensure precision and
stability. Reference [36] integrates an MPC controller with an artificial neural network
(ANN), where the ANN is employed as the internal current controller to alleviate the
computational burden of MPC. Fig. 1.4 illustrates the general block diagram of this
approach. Although this method reduces the computational demand to some extent, it still
results in a relatively complex control structure with significant mathematical
computations.

In addition to these methods, sliding mode control (SMC) and other nonlinear
control techniques have been explored in various studies [37], [38]. While SMC is robust
and has a fast dynamic response, the practical implementation is complex due to high-
frequency oscillations near the sliding surface. Therefore, as it is clear, each solution
presents unique advantages and drawbacks, requiring a trade-off between performance,

complexity, and implementation feasibility, depending on the specific application.
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Fig. 1.4. Block diagram of the MPC-based control strategy used in [28].

Among the control methods suitable for dynamic conditions and nonlinear systems,
FBC theory has been introduced as a fast and reliable solution in dynamic conditions [39].
This control method, initially introduced by M. Fliess, demonstrates excellent
performance in managing nonlinear systems and provides robust capabilities for systems
with multiple state variables and inputs. Therefore, it can be a promising control solution
for ER where there are multiple power sources and sinks.

On High-level control, when it comes to EMS, different strategies can be adopted
[45]. The commonly used method for power sharing in microgrids is droop control. A
similar approach can be defined for the ER. Ideally, power can be distributed
proportionally according to a specific droop coefficient without using communication.
This plug-and-play solution is reliable, low-cost, and easy to expand. It remains the
preferred control method for many power electronics researchers [46]. However, droop
control involves several issues such as impedance dependency, inaccurate power sharing,
and low transient response [47], [48].

Consequently, variants of the conventional droop control have been proposed to
address some of these problems: adaptive droop control [49], [50], robust droop control
[51], and neural network droop-based control [52]. The latter collects input and output

data for training to develop the droop-based controller. In one variant [53], the voltage
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droop controller is combined with a secondary communication-based controller in order
to improve control performance. The set points for secondary control can be determined
based on an optimization scheme.

To achieve multiple control objectives, a distributed hierarchical control paradigm
consisting of two or three levels has become a standard solution for dc microgrids [54].
The primary level is a local droop-based controller. For higher-level controllers, low-
bandwidth communication links are commonly used for data transmission [55]. The
consensus algorithm is often applied since it facilitates the information synthesis and
aggregation among a set of distributed agents [56]. Optimization methods can be
implemented at the tertiary level to improve the system's efficiency [57].

Yet, distributed control (whether hierarchical or not) cannot guarantee the
optimization of the power flow from an economic point of view. An overall optimization
requires centralized communication, data acquisition, computation, and management.
The first step in full digitalization is monitoring and measuring production, storage, and
consumption, and then sending this information to a centralized EMS. Nowadays, with
the increase of full digitalization in new buildings and the connection of all parts to a
central system, the initial investment to implement a fully centralized control is no longer
an issue. In addition, most centralized EMSs are cloud-based. In fact, the use of the cloud
plays a significant role by providing a flexible and scalable platform for managing,
analyzing, and storing the large amount of information produced by energy sources,
storage devices, and loads, in addition to the high computational capacities. Furthermore,
the stored data can be used for prediction or to train models based on machine learning.
Thus, the cloud-based EMS structure is an accurate, fast, efficient and cost-effective tool
for powering smart buildings or microgrids. The proposed EMS for ER in this work
introduces a hybrid and reliable solution based on a cloud and edge computing platform
to reach a very optimized EMS.

Following the above-reviewed literature, some other studies around ER are listed
in Table 1.1. This table summarizes and compares ER features in different aspects,

including the structure, isolation and EMS.
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Several studies around ER

Table 1.1

Ref. Structure Loading Power Energy management system Safety & Isolation
Smart Community EMS which
. Ac loads w-:)rksl Based on lopti}lﬁzation Low-frequency isolation.
[9] Hybrid 1 kW algorithms considering SoC, Grounding and safety are
at PCC. weather forecasts, energy prices, not discussed.
load profiles, ete.
Ac and de Hicrarchical management Non-isolated. Grounding
[10] Multiport loads feed 6kW couirol.strategy based on and safety are not
by ER. clecentrahzed- module control discussed.
and power dispatch control.
Ac and de Constant current/voltage control =~ High-frequency isolation
[11]  Multiport loads 30 kW  or fuzzy control is recruited for for de loads and de
) the storage system. microgrid connection.
(2] 3phpap Acdde gy | Fuzzylogicis used for battery GTmmT;lT;ugl:ilaz:cfl&y are
loads. charging/discharging. 1ot discussed.
Fuzzy logic is used to control the
Ac and de current of the storage systemto =~ Non-isolated. Grounding
[18] 3PhB2B loadsfeed 30kW ensure reliable operation, and safety are not
by ER. economical uses, and increased addressed.
battery life.
[40] Multiport Ac and de 12 KW Fuzzy logic-based hierarchical NO];;?;Z}:};}:::Eljmg
loads. control strategy. discussed.
Ac loads EMS is not discussed. Focusis ~ Non-isolated. Grounding
[41] B2B feedby  3.6kW  on Model Predictive Control for and safety are not
ER. the load-side mverter. discussed.
Fuzzy logic with 3 inputs of
electricity price, SoC, and net : .
[42] - Acloads. 8kW  power, axtf::ll:t’hen by forecasting Lsolation, gTounFlmg. and
. . safety are not discussed.
production and price the
optimization problem is solved.
Ac and dc Hierarchical management system Isolation, grounding, and
[43] Multiport loads feed - with a hybrid communication i .
by ER. method. safety are not discussed.
cascaded . High-frequency isolation.
[44] H-bridge A'; m:id de 5kW EMS ]:Jaied ouﬂthe powet Grounding and safety are
and DAB 0acs. ibatanes Teaty: not discussed.

1.2  Dc-oriented future distribution network

In addition to control systems and EMS, the projected rise in energy demand

necessitates the expansion of grid capacity. One prominent research direction in recent



years has been the transition toward low-voltage dc (LVdc) distribution networks, driven
by the inherent dc characteristics of PV systems, energy storage solutions, and the
increasing prevalence of dc loads [58]. Fig. 1.5 illustrates a conceptual vision of the future
grid, where LVdc networks operate in parallel with the existing ac infrastructure. As
depicted, the distribution network accommodates conventional ac buildings alongside
hybrid and fully dc-enabled buildings. The coexistence of both dc and ac wiring aims to

reduce power conversion stages, thereby enhancing overall system efficiency.

,l)m)) Hybrid building

== Dc wiring

“de

- 3 : == Ac wiring
t= Dc loads : : - .
Ac loads |
)
=T _L) z
dc <)
o
.

Smart interface

E{ Dc loads

Fig. 1.5 Future energy distribution system with the integration of dc system.

In this context, evaluating the performance of various hybrid ac/dc system
configurations is essential. Table 1.2 presents a comparison of the maximum achievable
efficiencies of different power converters used in ac and dc distribution networks, as
reported in [59]. According to the study, dc-dc employed LVdc systems can achieve
efficiencies as high as 99%. In contrast, the maximum efficiency of dc-ac and ac-dc
converters typically used in conventional ac grids is generally limited to 97% and 95%.,
respectively, occasionally reaching up to 98% at the expense of increased cost and
complexity. Therefore, moving towards dc system in PV-integrated buildings and using

dc-dc converters will lead to higher overall efficiency.
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Table 1.2

Maximum achievable efficiency in different converters for LVdc nanogrid

Maximum achievable Power range

Type of converter Techniques Efficiency [KW] Reference
dc-dc Resonance 98% 0.1-10 [60], [61]
dc-dc Dual-Phase-Shift 99% 0.3-15 [62], [63]
dc-ac Resonant 97% 0.6-6 [64]
ac-dc Active devices 98% 1-3 [65]
ac-dc Passive devices 95% 0.1-5 [66]

Phase-Shift o
ac-dc Modulation 90% 0.5-5 [59], [67]
. RO i 98% 0.5-15 [681.[69]

Modulation

Fig. 1.6 illustrates various potential configurations for integrating future residential
buildings into the power system. Case (a) represents the conventional ac system, which
underpins the operation of current hybrid inverters. In Case (b), a hybrid ac/dc system is
depicted, where ac loads are supplied by the ac grid and dc loads are connected viaa48 V
dc interface, corresponding to the ER configuration. Case (c) shows a ZEB with an
internal dc infrastructure interfaced to the ac grid through an isolated ac-dc converter.
Lastly, Case (d) represents a fully dc-based grid in which PV systems, energy storage,
and dc loads are directly connected to a common dc link through dedicated dc-dc
converters. Despite their potential advantages, configurations (c¢) and (d) remain
constrained by the limited availability and standardization of dc technologies and loads.

To evaluate the power losses and efficiency of the considered scenarios in Fig. 1.6,
the daily electricity consumption data for buildings has been extracted [70]. A building
equipped with a 5-kW solar power plant and a storage system capable of supplying up to
5 kWh has been considered. For this study, the building is in the city of Berlin and the
comparison is performed for two days: one in June and one in December, which have the

longest and shortest radiation time, respectively. The losses in different elements have
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been computed, and it is also assumed that the efficiency drop due to load rating is the
same and insignificant for all cases. Fig. 1.7 shows the results of these comparisons. As
expected, in the pure dc mode (case d), the losses are the lowest for both days in June and
December.

However, this result is obvious and cannot be generalized, as the pure ac system is
less efficient (case a). The attention is paid in particular to hybrid ac/dc systems (case b).
In this context, the location of the building is very important. In a soft climate without a
huge difference between summer and winter, very high energy autonomy is expected. It
means that even a dc system connected to an ac grid with minimal grid interaction can be
efficient, due to the very low interlink converter utilization. The opposite case may lead
to an overall efficiency drop due to the lower efficiency of the isolated interface.

In this regard, some other studies [71]-[74] also compare the dc and ac residential
nanogrid efficiency in the presence of different PV and storage capacities. In [72] an
office building has been considered, and it has been proven that the overall efficiency can
be increased by 11 to 17 % if the dc system is used.

It is also worth noting that redesigning existing ac appliances will lead to an
additional efficiency boost. For example, in the case of motor-based loads, which are used
for cooling, refrigerating, cleaning, etc. it has been stated that by moving towards
brushless dc electric motors, 50% of energy saving in the heating sector, 30-50% in the
cooling sector, and 5-15% in the cleaning sector can be achieved [74].

Therefore, considering the higher efficiency of the dc system and the time-
consuming transition from ac to dc system and loads, the ER solution (case b) seems to

be the right solution for the present and future nanogrids.
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Fig. 1.7 Losses for four scenarios of connecting ZEBs to the grid for a day in June

and a day in December based on the electricity consumption profile in [70].

1.3 Possible configurations

Based on the preceding discussion, a dc structure emerges as a highly suitable
option for ZEBs due to its superior flexibility in integrating PV and BSS, alongside
potential efficiency gains. However, considering the current grid infrastructure, which is
dominated by ac systems, a pure dc connection scenario is currently unlikely to be
considered as a valuable option. In this case, the adopted ER structure can be the one
depicted in Fig. 1.8(a). It is very similar to hybrid inverter structures but has relays as an
optional feature to provide load-shifting demand as well as a dc interface for light dc
loads. In advance, an optional isolated dc-dc interface can be connected to an external dc
microgrid as an auxiliary supply. Relays as optional features can be removed if we
consider loads with IoT communication capabilities, as is the case with new appliances.

As only isolation between future ac and dc grids is accepted in the current
discussion, the isolation between hybrid ac/dc and dc microgrids is mandatory. At the
same time, considering that energy exchange with dc microgrids is expected in minor

cases only, it will not cause significant energy losses.
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The second case under serious consideration is depicted in Fig. 1.8(b). In this case,
the internal dc link should be connected to the dc microgrid as a prior energy source. At
the same time, due to the isolation requirements between dc and ac grids, the isolated
interlink converter is required. This structure may become feasible when in parallel to
conventional ac heavy appliances, heavy dc appliances will be available on the market.

The possible dc loads may require different specific voltage levels. For example,
low power loads can be mentioned 5V USB or 12V for security systems or other loads,
including lighting or electric chargers. Fig. 1.9 shows the distribution list of dc loads
based on voltage level as listed in [75]. Considering that there is only one voltage level
in the general structure of ER available for users, the 48V dc interface can be the optimal
solution in case of feeding light loads. USB Type-C also supports this voltage level and
there are lots of compliant appliances on the market.

These structures can manage energy flow between generation, storage, and
consumption, and can be developed as a single power electronics module with all required
functionalities, including energy metering and integrated components. EMS will also be
done via the same structure through the received information and optimization

algorithms.

40



3-Phase Grid Input ac Outputac | ac Joads
(11-25 kW)  terminals terminals = o

6>
ac EV
ac charging
point
TN,
it o —o"
@ L de - de Light de load
R
- < ] —
de — §€/\ i i

PV
/-l\ Internal dc-
link
o a | 4 de-link
- M de
Storage Optional
isolated dc-dc

SSCB de :
protection interface for
350 Vdc §§\ connection to

L o — external dc

terminals do microgrid

ac oriented ER architecture

(a)

3-Phase Grid Input ac Outp_ut ac e loads |
(11-25kW) terminals terminals *

)\
S

acEV
Interlink & charging
converter é§\ point
de e
sERl | o [T
W | | A | é@;
PV 1

/|\ Internal dc-

2 link
- - dc de-link
T dc
Storage
PP I u — PR & s— ]
> <
350 Vdc SSCB
terminals protection

dc oriented ER architecture

(b)
Fig. 1.8 The possible overall structure of ER in case of ac domination (a)and dc

domination (b).



Share of dc loads (%)

1.4

-. 350450V
25% ! : e 4

20%
15%

. :
10% L 60-120V ,,.1.9.0.--.2.3.9.\.’..

.............. -

) I II I
0%I I naalal II I

Voltage level(V)

Fig. 1.9. Dc load dispersion at different voltage levels [75].

Conclusion

This chapter reviewed and further analyzed the literature on the topic of the study,

which resulted in the following findings:

l.

Based on the literature review of the latest findings in industrial solutions’
development for integration of RES to residential buildings, it was shown that the
technology of ER can effectively combine RES with energy storage, and this
technology is the most promising for further integration of dc components to
existing ac electric networks.

Based on the evaluation of the efficiency of power converters, various structures
of ER were analyzed. It was found that the so-called “hybrid dc/ac system” is the
most promising solution for future residential buildings utilizing existing ac grid
and incorporating dc sources, loads and energy storage with the highest efficiency.
Two possible structures of ER, utilizing “hybrid dc/ac system” approach, were
introduced.

Literature review shows that low-level control (level of power converters) for ER
1s mostly based on classical controllers, which demonstrate acceptable

performance, but suffer in case of dynamic conditions, which is one of the
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challenges, still looking for a solution. More complex algorithms, such as Flatness-
based theory, are promising candidates for fast and robust solutions with high static
and dynamic performance.

4. On high-level control, EMS was investigated, and it was concluded that cloud-
based EMS is an accurate, fast, efficient and cost-effective tool for powering smart
buildings or microgrids.

5. Safety issues for power electronic solutions for residential ac systems were already
deeply analyzed by researchers, but the grounding and safety measures for hybrid
ac and dc systems are still open and should be solved.

These findings emphasize the importance and urgency of the scientific tasks posed

in this work and create a basis for finding their solutions.
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2 DCSYSTEM INTEGRATION AND RELATED CHALLENGES

Due to environmental problems and global warming, and on the other hand, the
need for more energy, the share of renewable resources in the distribution network is
increasing [76]. Since RES are intermittent and unpredictable, storage systems are
commonly integrated alongside [77]. In such a situation, the distribution network is not
only a consumer but also a producer and a consumer, and since there is storage capability,
it can operate independently as a microgrid [78],[79]. Considering the nature of most
renewables that produce most of dc electricity and on the other hand, the storage systems
that are dc, a dc-based system can be a more effective solution to achieve a higher
efficiency [80],[81].

Regarding the advantages of using dc microgrids, i.e., high reliability and higher
efficiency, dc microgrids in the distribution network are attracting higher attention [82]-
[84]. Although some dc nano/microgrids are designed for off-grid operation, in most
cases, these microgrids must be connected to the ac grid [85]. Connecting to the main ac
grid not only increases the reliability of the electricity supply, but it can also transfer the

excess power produced into the grid and bring economic benefits.

2.1 Dc system integration

There are different methods to connect dc microgrids to ac grids. In general, the
use of a transformer is suggested to increase reliability and isolate the two sides. In the
initial structures, it was suggested to use a low-frequency transformer followed by an ac-
dc interface converter [86]. Due to the high volume and weight of the low-frequency
transformer, attention was directed to the use of a high-frequency isolation structure. With
a high-frequency transformer, an ac-dc interface is used first, and then a high-frequency
isolated dc-dc converter structure is applied [87]-[89]. In these cases, galvanic isolation
is used to increase reliability and eliminate leakage currents. In isolated cases, the
transformer increases the size and cost and reduces the overall efficiency. While many
studies have considered it necessary to use isolation for connecting the LVdc microgrid
to the ac grid, there is no obligation to use an isolation method, especially if it is defined

as a hybrid dc/ac system [90].
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Transformerless solutions are possible as well. In the structure without a
transformer, only one ac-dc interface converter is used. Fig. 2.1 shows a generalized
schematic of this connection. According to the desired features, the interface converter
can be full-bridge, NPC, ANPC, T-type, etc. Different isolated and non-isolated structures
have been studied in the literature [91], [92]. In transformerless mode, it is especially
important to pay attention to protection issues and the elimination of leakage current.
Different solutions have been attempted to eliminate or reduce the leakage current by
providing novel structures or modified modulation techniques that decouple ac and dc

sides [93]-[98].

Recent studies on dc microgrid mostly analyze the types and configuration of
grounding and their effect on the types of faults [99]-[101]. Some other studies examine
the types of grounding in the dc microgrid for fault detection methods and protective
devices [102]. This is while the issue of grounding and its effect on various types of

leakage currents has not been comprehensively investigated.

Regarding the lack of sufficient studies and standards for a dc microgrid, the issue
of grounding in the dc system and particularly at the connection point of the dc microgrid
to the ac grid and its challenges have not been comprehensively examined in a single
study. In the current study, the dc microgrid grounding is described in detail and its
challenges at the connection point with the ac grid are investigated. The leakage current
at the connection point, which is directly related to the type of grounding of both sides, is
also examined. More specifically, the issue of the dc leakage current and various
grounding methods to eliminate or reduce it in the dc microgrid or at the connection point
are all studied to clarify and solve the basic hidden challenges in the dc microgrid as much
as possible. Finally, a sustainable solution at the connection point that minimizes the
challenges related to grounding and leakage current in the non-isolated mode has been

proposed.
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Fig. 2.1 Different solutions for connecting a dc microgrid to an ac grid.

2.2 Protection and safety in the dc microgrid

Although dc microgrids have advantages such as higher efficiency, without a
proper protection system, they will face problems and will not be practical. Dc system
protection is different from that of an ac system. There are many active sources in the dc
system and each of these sources has a different power level that should be considered in
the comprehensive protection system. In case of a fault in the dc microgrid, the dc current
fault increases suddenly and since it does not have a zero crossing, it is not possible to
suppress it easily; it needs extra equipment [ 103]. Therefore, from the protection point of
view, several aspects should be considered. In recent years, only a few studies have
focused on the protection of dc systems [104]-[113]. Due to the lack of necessary
standards and sufficient experience, the dc system is still developing at a slow pace. As
mentioned, the dc microgrid can operate independently or in the grid-connected mode
and work bidirectionally. These operation modes also introduce more challenges to the

46



protection system. The diagnosis of high impedance faults and issues related to grounding
and the ground current are other concerns that should be considered [102]. In the dc
system, the short-circuit current depends on the source current. Some sources, such as
batteries, have a high-rated current and subsequently a high short-circuit current, and
others, such as PV have a low short-circuit current. It should also be pointed out that the
dc microgrid is decentralized and each production unit operates independently. All of
these points make the protection operation more complicated. Therefore, a risk
classification according to voltage and current level and protection type is recommended
in NPR 9090 [114],[115].

The NPR 9090 standard includes parts that are intended to describe classification,
protection, and grounding in low-voltage dc systems. According to the hazardous level,
this classification is divided into five classes from zone 0 (high risk) to zone 4 (low risk).
Fig. 2.2 shows this classification. According to each zone and the level of voltage and
current, different protection and safety requirements are defined.

As can be seen in Fig. 2.2, unprotected resources, including batteries, grids, large
solar power plants, synchronous machines, etc., are placed in zone 0. The characteristic
of this zone is a relatively high capacity and absence of protection, and a current limiter.

In Zone 1, the sources have short-circuited protection, and several sources could
also be the case. The voltage level is less than 1500 V, and extra-low voltage (ELV) can
be less than 120 V.

Zone 2 also has short-circuit protection, with the difference that the short-circuit
current level is limited (lower). Other characteristics of this zone are: bidirectional
operation, a current of less than 50 A for each device, and the use of the residual current
device (RCD).

Production and consumption can exist in Zone 3. The voltage level of the line to
the ground can be a maximum of 400 V line-to-ground and 800 V line-to-line. The
overload current is limited and the maximum current for each device is 50 A.

In Zone 4, only consumers are present, and it is also called a safe zone. The
maximum voltage level is the same as in Zone 3, and all types of consumers with a current

of less than 50 A are present in the zone only as consumers.
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Fig. 2.2 Safety and risk classification in the dc system proposed in NPR 9090
[114],[115].

Based on this classification, the protection method should be chosen according to
each zone. As mentioned in this standard, it is possible to ignore zones 2 and 3. However,

attention should be paid to the current limits of circuit breakers and fuses and the
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minimum short-circuit current of each zone. In NPR 9090, voltage levels of 350 V and
+/-350 are suggested. This voltage level is comparable to a single-phase 230 V ac system
and in the line-to-line mode, 700 V can be similar to a three-phase 400 V ac, and can also
transmit similar power using existing ac cables.

The voltage level in dc microgrids should conform to the power level, length of the
cable, and the type of system protection. While in the ac grid, the slight frequency
deviation shows the overload or underload, in the dc microgrids, it is the voltage value
that determines the underload or overload. Therefore, the voltage level is involved in

energy management.

2.3 Leakage current in dc systems

Another important issue in the dc system protection is related to the leakage
current. There are two types of leakage current: ac leakage and dc leakage. These leakage
currents can cause serious issues or even endanger the safety of personnel. Therefore, it

is important to understand how they form and how they can be removed and limited.

2.3.1 Ac leakage current

Ac leakage current is mostly caused by common-mode voltage (CMV). CMV
induces a voltage fluctuation with respect to the ground and produces an undesirable
leakage current when there is a conduction path. The path of the leakage current is formed
through the stray capacitors between the active conductor of equipment (such as PV and
batteries, etc.) and their grounded body on the dc side and the filters of the grounded ac
grid or stray capacitance of EMI filters [116],[117]. The stray capacitance may be
intentional (such as in EMI filter capacitors) or unintentional. Examples are spacings on
printed boards, insulations between semiconductors and grounded heatsinks, and the

primary-to-secondary capacitance of high-frequency isolating transformers.
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the grounded ac side. (b) Equivalent circuit of the leakage current.

Fig. 2.3 shows the general condition of creating the leakage current. Due to the
presence of stray capacitance (Cp) between the dc system and the grid ground, the high-
frequency varying CMV can produce a leakage current through the parasitic capacitors,

inverter filters and ground resistance (Rg)[117].

Differential-mode voltage Vy, is expressed by:
Vin =Vin =Vaw» 2.1)
where V;nx and V,y are the voltages of terminals / and 2 to terminal N. This equation
defines the useful current injected to the grid. Fig. 2.3(b) illustrates the equivalent circuit

of the leakage current, which is defined by the common-mode voltage V.,

v zw. (2.2)

Using equations (2.1) and (2.2), the paths of high-frequency elements can be
extracted. It can be inferred that differential voltage can also encompass high-frequency
elements, which are effective in generating leakage current. These additional high-
frequency elements from V, can be written as V,y.4» 1n equation (2.3).

L -L

v. .=V ——. 2.3
cm—dm dm 2(L2 +L1) ( )

In the asymmetric condition of the output inductances (L; not equal to L;), the
differential voltage can also affect the CMV and can lead to extra leakage current. In this

case, the total high-frequency CMV can be written as V., as (2.4).
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IfL;=0o0r L;=0, Vinis simplified by:
Vi =V # Vi =22 D0 T2 25)
V;cm = V;’m + V:i—to—c = I/IN ;I/zN - I/lN ;VZN = V;N (26)

When the dc-ac converter has an asymmetrical inductor configuration (L; = 0 or L,
= ()), the sufficient condition to cancel the leakage current is that the terminal voltage V n
or V)N remains constant. If L; = L, V., 1s simplified by

VYtV (L =L,)- (2.7)

tcm cm

Then, in the symmetrical inductor, the total common-mode voltage will be constant

and has no high-frequency variation. This is the condition to cancel the ac leakage current.

2.3.2 Dc leakage current

Besides the ac leakage current, the dc leakage current is the dc current passing
through the insulation resistance of the conductor or in situations where there is a potential
difference between the grounds of the dc system [118]-[120]. The dc leakage caused by
the insulation resistance is usually insignificant compared to the ac leakage. The
insulation resistance of the conductor decreases over time or due to humidity and dust,
and this can increase the dc leakage current. As mentioned, to eliminate the ac leakage
current, CMV should be fixed. In this case, the parasitic capacitor is open-circuited. But
still, a constant voltage falls on the insulation resistance, and the dc leakage current passes
through the insulation resistance and the grounds of the system. The value of the dc
leakage current can easily be calculated by Ohm’s law, as in (2.8). But the point is in the
estimation method of insulation resistance. Several techniques for testing and estimating

insulation resistance have been reviewed in the literature [112], [121].

.
ldc — condugtor—Gnd , (2 8)
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where i, is the dc leakage current, Vonducior-ona 1 the voltage on the conductor to the
ground point and R, is the insulation resistance of the conductor. Fig. 2.4 shows a simple
representation of two modes of creating dc leakage current in a dc system. In this figure,
G refers to a dc energy source, and V; is the voltage drop due to the conducting resistance.
In the first case, the leakage current passes through the insulation resistance of the
conductor and the ground of the dc system. The path of the leakage current is shown by
the dashed line in Fig. 2.4(a). For the second case, as mentioned earlier, the dc system is
decentralized and has several energy sources. To have an effective grounding, usually,
each source has a separate ground. As shown in Fig. 2.4(b), the dc leakage current in this
case is caused by the voltage drop in the current-carrying conductor (due to the resistance
of the conductor) and the grounds of the two sources. The path of the leakage current can

also be seen in this case.

A L+ L+
: 2 R
@) i dcload @) [ dcload

Fig. 2.4. The dc leakage current is created through: (a) the insulation resistance of
the conductor and the ground of the system; (b) the potential difference created by the

conductor resistance in the live conductor and the grounds of the system.

Based on the standard IEC-60950 for the leakage current, the value of total leakage
current should be lower than 3.5 mA for a non-handheld device to ensure that the current
is very low and cannot harm the person who touches the case of the device. In the case of
a handheld device, this current should be lower than 0.25 mA [122]. Also, the injected dc
current into the ac grid should not be greater than 0.5 percent of the nominal current [ 123].

Until now, many structures and control methods have been provided to eliminate
or reduce the leakage current. One of the factors that has a direct effect on the leakage

current is the way of grounding at the dc or ac system, and especially at the connection
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point of the dc system to the ac grid. In the following, different states of grounding and

leakage current will be investigated in different states.

2.4 Grounding in ac system

Though dc grounding has its features and requirements, it is not possible to
consider it without consideration of ac grid grounding because of the possible coupling
with ac. Therefore, it is helpful to review the different types and configurations of
grounding methods in the ac system. In this part, grounding in the ac system is briefly
reviewed.

The primary purpose of using earth in ac systems is to protect the personnel and
equipment, prevent overvoltage due to any imbalance, etc. In the ac system, the neutral
point of the transformer/generator is connected to the earth in different ways, and
regarding the way of connection, different configurations can be defined. Each of these
methods and configurations has advantages and disadvantages, and the best option should

be used according to the conditions (power level and protection system) [ 124].

2.4.1 Ac grounding type

As mentioned, the earthing of ac systems is usually done through the neutral point
in the Y connection of the transformer or generator. The different states of connecting the
neutral point of the transformer/generator to the earth are shown in Fig. 2.5. Also, Table

2.1 summarizes the basic features of these methods.

— - - — - - — - - — - - — - -
- - - - - - - - - -
- - - - - - - - - -

§ % /%/’ Zigzag

(a) (b) (©) (d) (e) ()

Fig. 2.5. Ac grid grounding type: (a) ungrounded; (b) solidly grounded; (c)
resistance grounded; (d) reactance grounded; (e) adjustable reactance grounded; (f)

zigzag connection grounded [124].
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Table 2.1

Advantages and disadvantages of different grounding types in ac grids [125].

Grounding device Advantages and disadvantages

Ungrounded - No cost - Continuity of operation in case of fault - Hard fault detection

-Simple grounding - No voltage fluctuation problem - High fault current -

SO SR CE Easy fault detection
Resistance -Relatively simple - Limited fault current - Ability of continuity of operation
grounded in case of fault - Large installation area

- Absorbs reactive power and weakens ac voltage regulation ability - High
Reactor grounded  €OSt
- Large installation area - dc bias component in ac side voltage

- High reliability - Low reactive power consumption and small installation

Zigzag Grounded area

2.4.2 Ac grounding configurations

In the distribution low-voltage grid, different configurations are provided
according to the grounding of the neutral point of the transformer/generator and the way
of grounding on the consumption (building) side. By considering different grounding
types in Fig. 2.5 and whether there is an earth connection on the transformer/generator
side or not, based on IEC 60364, various configurations can be defined as TN, TT, and
IT [81], [126]. It should also be mentioned that in the protection and grounding system,
the protective earth (PE) conductor is also considered to connect the enclosure of the
equipment to the earth. In case the equipment is exposed to the electric potential for any
reason, the PE conductor connects this potential to the ground and prevents shock to the
human body.

In the TN mode, the neutral point of the transformer is connected directly to the
earth. In the case of single-phase loads, the neutral conductor (N) and the protective earth
conductor (PE), which is connected to the body of the equipment, are connected to the
earth on the transformer side. In the case of TN-S, N and PE conductors are separately
connected to the earth of the transformer. If a common conductor is used for the N and

PE conductors, it is called the TN-C model. In some cases, on the load side, the PE and
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N conductors are used separately, and on the transformer side, it is combined, which in
this case is called TN-C-S. Fig. 2.6 shows different cases of TN configuration for ac
systems.

In the TT connection, the neutral point in Y of the transformer is directly connected
to the earth, and on the load side, the body of the equipment is connected to the ground
through the local earth. In this case, the two grounds are independent of each other. This

model of grounding is very suitable for eliminating EMC interference.

L1 L1 L1
L2 L2 L2
L3 L3 L3
— N ——PEN —— N
—-1—; PE RCD l —--——J[—I—PE
i Equipment i i Equipment i i Equipment i

Fig. 2.6. Configuration of TN grounding schemes in the ac system: (a) TN-S; (b)
TN-C; (¢) TN-S-C.

i L1 L1 L1
L2 L2 L2
L3 L3 L3
| ' N ! ' N , N
RCD o PE RCD l o PE [ o PE
i I I L I O I I I O I A
i v i v i v
i - @ E Equipment E _i_ ®) i Equipment ; _i_ E Equipment E _i_

Fig. 2.7. Configuration of grounding schemes in the ac system: (a) TT; (b) IT; (¢)
HRG.

In the IT mode, the neutral point of the transformer is not connected to the earth,
but only on the load side, the body of the equipment is connected to the local earth through
the protective ground. In this method, in case of a fault, the system has a higher capacity
and the relays do not work immediately.

High resistance grounding (HRG) can be considered another ac grounding
configuration and when the resistance value is infinite, it is the same as in IT. As

compared to the IT configuration, using the HRG method can reduce overvoltage caused
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by faults and make fault detection easier. Also, in comparison to solidly grounded, the
HRG method reduces high fault current and its damages [127].

Fig. 2.7 shows the configurations of TT, IT, and HRG. Table 2.2 compares the
advantages and disadvantages of various types of grounding configurations in the ac
system.

It is worth mentioning that the RCD protector shown in these figures consists of a
core on which the phase and neutral conductors are wrapped and it works based on the
magnetic field. If the system works properly and there is no leakage current, the phase
and neutral currents are equal and opposite to each other. In such a case, the magnetic
field produced by each conductor is equal and has opposite directions, and finally has
zero output.

In case of current leakage due to any reason (for example, the contact of the human
body with the phase), the neutral current will be lower than the phase current. In this case,
the resulting field in the core will not be zero and it will generate a voltage in the existing
coil in the core so that the command to disconnect the circuit is applied. It has the same
function in the three-phase mode. The problem with RCD is that if there is a connection

or leakage in the phase and neutral at the same time, it will not be able to detect the fault.

Table 2.2
Comparison of different configurations of ac grounding.
Topology Advantage Disadvantage
TN - Effective for EMC - Large fault current and inability to
- Fast fault detection continue operation
TT - Effective for EMC - Large fault current and inability to
- Fast fault detection continue operation

- Large transient voltage may occur

1T - Availability under fault conditions during the ground fault
- Availability under fault conditions, -Itis difﬁgult to determine the
HRG Limited fault current, reduced resistance value
overvoltage stress in TT - Causes power losses

56



2.5 Grounding in dc microgrids

Despite the advantages of dc microgrids, including flexibility in integration with
renewable sources and higher efficiency, it requires high protection. The issue of
protection in the dc system remains one of the challenges, and the grounding solution has
a direct impact on protection aspects. In this regard, to solve the challenges of the dc
system, it is important to provide proper grounding to be able to detect the fault in time
and protect personnel and equipment, along with disconnection circuits to remove the
fault. Therefore, grounding configuration plays an important role in protection systems.
The purpose of grounding in microgrids is to protect personnel and equipment, detect
ground faults, and reduce stray currents [99].

Before addressing the grounding in the dc systems, the general configuration of the
dc system should be described; a dc system can be provided based on two conductors or
three conductors. In a two-conductor structure with positive and negative poles, the
negative line is usually connected to the earth. When there is a middle point (M), either
in two or three-conductor cases, the middle line will be earthed. Fig. 2.8 shows these
structures. It should be noted that although PEL and PEM carry current, they are not

active conductors.

L+

: ) M
L+ M of PEM Lr(M)
+ : +
+
L- of PEL L- M (L-)

(a) (b) (©

Fig. 2.8. Different configurations in dc systems: a) unipolar without middle point; b)

bipolar, and c) unipolar.

In the case of using a three-conductor structure, line-to-line or line-to-ground with
half voltage can be used to feed loads, and this gives redundancy and more flexibility to
the configuration. However, in this structure, the voltage balance between the lines to the

ground can be challenging, and it needs to be addressed [128].
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2.5.1 Grounding type

Various methods have been proposed for grounding means in dc systems [100].
Fig. 2.9 shows the general connection states for a unipolar case. These methods include
the following states: ungrounded (floating), solidly grounded, high-resistance grounded,
diode grounded, and thyristor grounded. In the case of a bipolar configuration, these

devices will be connected to the middle point.

L+ L+ L+ L+ L+
1 s
©

3

(a) (b) (E) (e)

Fig. 2.9. Dc microgrid grounding devices: (a) ungrounded; (b) solidly grounded;
(c) resistance grounded; (d) diode grounded; (e) thyristor grounded [100].

Each of these types of grounding gives a unique feature to the protection system.
At low voltage levels, the ungrounded mode is usually recommended [101]. In this case,
the common mode voltage cannot be too high to harm personnel or equipment. If a single
line-to-ground (LG) fault occurs, the system can continue to operate without problems.
But if a ground fault is the case in both lines, it will cause a line-to-line (LL) fault and
will cause serious damage [129].

In the solid ground device, one of the conductors is connected to earth directly (in
the unipolar case, it is usually the negative pole, and in the bipolar case, the middle point).
The advantage of this method is the quick detection of the fault current. However, when
a fault is detected, the system is unable to continue, and the functioning stops. Corrosion
is also unavoidable due to the existence of stray currents in a path without impedance
[130]. Other methods also have general features between these two modes. While in the
ungrounded case, there is no path for current, and in the solidly grounded method, the
ground current is high, the high resistance method can limit the fault current and
subsequently, it will prevent the failure of equipment. On the other hand, the operation of
the system does not stop during the fault [109].
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In the diode ground type, the negative pole is connected to the ground using
diode(s). Under normal operating conditions, the system will be ungrounded and this will
reduce leakage currents. In case of a fault or transient condition, when the voltage applied
to the diodes exceeds the permissible threshold, the diode conducts, and the system
changes to the grounded type. Using a thyristor in the ground path also has the same
function as the grounded diode type. The only difference is that by using a thyristor, there
will be an active control on its conduction so that the system can be changed from
ungrounded to grounded based on a pre-set threshold [99]. Table 2.3 summarizes the

advantages and disadvantages of each method for grounding devices [99], [131], [132].
Table 2.3

Advantages and disadvantages of different grounding types in the dc
microgrid [99].

Grounding

Advantage Disadvantage
type
- Low LG fault current - Difficult to detect and locate LG faults
- Power supply continuity at an LG fault - Possibility of significant system damage
- Minimized dc leakage current and under LG fault evolving to LL fault
Ungrounded corrosion - Sensitive to noise and disturbances
- Simple implementation - Small leakage currents cause large
- No grounding power loss common mode voltage
- No grounding cost - Requires high insulation level
- High safety due to low common mode
voltage - High LG fault current
Solidl - Limited overvoltages - Lower power supply reliability
oli - . - . :
Groun d}é d - Low insulation leV?l requirement - Risk of damage to equipment
- Low grounding cost - Interference with communication systems
- Easy to detect and clear LG faults due to larger LG fault currents
- Absorbing and filtering disturbances
- Limiting resonant overvoltages by - High overvoltage on the unfaulted line
absorbing the energy of the resonance - Risk of damage to the system insulation
, - Low leakage current - Power supply reliability due to the effects
R ngth' - Low LG fault current of faults
esistance .
Grounded - Capability to operate under LG faults - Difficult to detect LG faults

- Power supply continuity
- High system reliability
- Greater safety for equipment

- Susceptible to noise and disturbances

- Considerable costs associated with the
high-voltage grounding resistors
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- The leakage current and LG fault current

levels are high and the common mode - Large LG fault current
Low- voltage is low - Disturbances such as switching harmonics,
3 - Reduced overvoltage at the unfaulted line nonlinear loads, and electromagnetic
Resistance . . . e .
Grounded during the LG fault and low-grounding cost interference can inject currents into the dc
- Absorbs and filters disturbances more system
easily than high-resistance-grounded
systems
- Under normal operating conditions, the
Diode system is ungrounded and leakage current - Requiring periodical maintenance as
is minimized corrosion due to the leakage current is not
Grounded .
-Both the leakage current concern and the eliminated
common-mode voltage issue are addressed
- Under normal operating conditions, the
system is ungrounded and leakage current o o ]
Thyristor is minimized - Requiring periodical maintenance as

corrosion due to the leakage current is not

Grounded - Both the leakage current concern and the .
eliminated

common-mode voltage issue are addressed
- Active control based on preset value

Voltage level and grounding method have a direct impact on safety in the dc system
[133]. The types of grounding devices presented for the unipolar structure can be applied
to the bipolar structure and grounding is performed through the middle point. Grounding
based on the middle point is a highly recommended solution in the dc system grounding
[134]. By middle-point grounding at high-voltage levels, in case of a fault or electric
shock on a person, the voltage on the body will be half of the nominal voltage [99], [135],
[136]. This itself can be a form of protection.

2.5.2 Grounding configuration in dc microgrids

Similar to an ac power system, there are different configurations of earthing in the
dc systems [107],[114],[136]. These configurations are TN, IT, and TT configurations.
TN configuration can be divided into TN-S, TN-C, or a combination, as TN-S-C. TN
systems are typically connected to earth through a low impedance path, and in this
method, detection of the line fault is easy to implement.

While in TN configuration, there is one ground for the source side and load side,
in TT systems, there are two separate earths for each side. Like TN, in the TT

configuration, fault detection is easy, and this method is a good solution for EMC
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mitigation. As different from TN systems, in IT systems, there is no earth on the source
side. In this case, the fault current is very low, and fault detection is not an easy task. It
requires separate measuring equipment, including measuring insulation conditions [112].
Fig. 2.10 to Fig. 2.13 show the different configurations of grounding for unipolar and
bipolar modes in the dc system. Table 2.4 compares different features of these methods.

It should be added that the TN-S-C, which is the combination of TN-S and TN-C
configurations, can also be considered, as in some parts, the PE wire is separate, and in

other parts, it is implemented jointly.

Source side Load side
Source side Load side - > >
-4t i
- - L+
o ---- PEM
¢ DEL___ . . @ [ . L
————————— |——I-———PE Y B e R S PE
F'““‘l““"“l e e e 4
i | i ¢ i
—4 ' Equipment | 4 i Equipment |
— (a) i i = (b i i

Fig. 2.10. TN-S grounding in the dc system with: (a) two conductors (unipolar); (b)

three conductors (bipolar).
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Fig. 2.11. TN-C grounding in the dc system with: (a) two conductors (unipolar);
(b) three conductors (bipolar).

61



Source side Load side
- > >

Source side Load side
- > >

®

el L

R L+

_____ o L- D, o L-
——ee e e PE R e —-l-—PE
|
‘ r“““l“"'"- ‘ ot Wi il i +
—1 i Equipment i —1 i Equipment i

Fig. 2.12. TT grounding in the dc system with: (a) two conductors (unipolar); (b)

three conductors (bipolar).

Source side Load side

Source side Load side

Fig. 2.13. IT grounding in the dc system with: (a) two conductors (unipolar); (b)
unipolar three conductors (bipolar). (In this case, the system can be connected to earth via

a sufficiently large resistance).
Table 2.4

Comparison of different grounding configurations in dc microgrids [102].

Grounding Safety of
configs  personnel

Continuity

Safety of equipment of service

Electromagnetic compatibility

- Excellent - Less equipotential
- Poor problems - Requirement to
TN-S Good . [l Gl et Average manage devices with high
leakage currents - High fault
current (transient disturbances)

- Poor - Poor - High fault current

TN-C Good - High fault current Average (transient disturbances)



- Good - Risk of overvoltage/

- Good voltage imbalance -
TT Good - Fault current less than ~ Average Equipotential problems -
a few dozen amperes Requirement to manage devices
with high leakage currents
‘Very good
‘Fault current less than a ‘Poor (to be avoided)
T Good few dozen mA, but high Excellent - Risk of overvoltage

for the second fault

Regarding these configurations and their general characteristics in the table, the

following consideration can be made:

1. In the TN-C grounding mode, if the PEL or PEM wire is loose or has a weak
connection, the body and metal parts of the equipment will be under line
voltage. Therefore, regardless of the type of function, the TN-C structure should
not be used in dc systems.

2. Inthe TT mode, the resistance of the two ground paths limits the fault current.
Therefore, if the body comes to contact with the line with potential and electric
shock, short-circuit protection cannot be used as protection against electric
shock. Neither is overcurrent protection a suitable option for protection against
electric shock due to its slow response time.

3. On the other hand, the use of the IT structure is usually preferred due to the
continuity of operation in the event of a fault. This structure is suitable for
skilled and trained personnel because it is not easy to detect and fix errors in
this structure. The IT structure is also far from touch safety due to the presence
of capacitors in EMC filters and existing cables and the creation of capacitive
coupling with the ground.

4. Based on the above, on the risk classification in Fig. 2.2 and the types of ground
structures, the TN-S grounding structure is preferred in zones 1 to 3 and 4a.

5. Systems in dc zone 4B are usually implemented as IT systems in practice

because of the USB-C connection.
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2.6 Impact of grounding on the dc leakage current

As discussed in the leakage current section, part of the leakage current is related to
the dc leakage current. Using common grounding methods, this dc leakage current will
flow, and it has adverse effects such as corrosion in metal and concrete parts or injection
into the ac grid. In the case of solid ground, for instance, the voltage on the conductors
will be fixed. In this case, due to the constant voltage on the ungrounded conductors, the
dc leakage current can pass through the insulation resistance and the ground of the system.
Also, as mentioned previously (Fig. 2.4(b)), when there are several sources and grounds
in dc the system, the dc leakage current can flow between different grounds.

To solve this problem, several capacitive grounding methods have been proposed,
which can greatly reduce or eliminate dc current despite the existence of low impedance
grounding on the dc side.

The first solution, which is shown in Fig. 2.14(a), uses capacitors and anti-parallel
diodes in the ground path [114]. The capacitor is like a short circuit for high-frequency
components and it creates a low-impedance path and will be an open circuit for dc
components. Passing the dc leakage current through the diodes also requires overcoming
the forward voltage of the series diodes.

Another similar structure shown in Fig. 2.14(b) is the use of a capacitor in parallel
with Zener diodes [137]. In this case, the Zener diodes are used to avoid a high number
of diodes in series. Based on the predefined values, a Zener diode can be chosen. In this
case, by creating a low-impedance path for high-frequency components, ac and transient
current will pass, while there is no path in the ground structure for the dc component.

A similar solution to remove and limit the dc leakage current introduced in [138]
is shown in Fig. 2.14(c). This grounding structure consists of an RL circuit parallel to the
capacitor. This structure also has a capacitive path that has low impedance at high
frequencies and a resistive path to prevent the dc current from passing through. This
grounding network is also designed in a way to have a low equivalent impedance and
subsequently a low voltage in a wide range.

In these capacitive solutions, the design of the components should be such that it

prevents the passage of the dc leakage current. In Fig. 2.14(a) and Fig. 2.14(b), it should
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be done through the design of the diode forward voltage value (Fig. 2.14(a)) and the Zener
voltage value (Fig. 2.14(b)). For Fig. 2.14(c), it should also be done through the design
of the resistance and an inductor.

The design of the capacitor should be such that it can have very low impedance for
high-frequency components. Otherwise, the high-frequency components will pass
through the diode or resistor/inductor path and due to the voltage drop in these paths, the
voltage of the other conductor will fluctuate. This will create another path for the leakage

current through the stray capacitor of the other conductor(s).
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Fig. 2.14. Grounding solution for minimizing the dc leakage current: (a) anti-
parallel diodes and capacitor solution in [114]; (b) Zener diode and capacitor solution in
[137]; (c) RLC circuit solution in [138] (In the case of bipolar form, these grounding

networks will be connected to the middle point).

2.7 Grounding configuration for several decentralized sources

Having several decentralized sources is one of the characteristics of the dc system.
As mentioned previously, the use of a grounding TN-S configuration is preferred in the
dc system. However, with several decentralized sources, the existence of one earth point
cannot be enough due to a long distance and the resistance of the conductor, which affects
the grounding system. In such cases, near any source, earthing will be implemented.
Again, according to Fig. 2.4(b), having several grounds will cause the dc leakage current

due to the voltage drop on the conductor. On the other hand, a solid grounding in different
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points would result in dc ground currents flowing due to the difference in the neutral
potential. This can cause corrosion and problems associated to the dc leakage current.

To solve this problem, grounding with capacitor networks is used as described
earlier (Fig. 2.14) [132],[137]. In this grounding network, due to the very low impedance
of the capacitor for high-frequency elements, high-frequency and transient elements pass
through the capacitor and act like solid ground. Meanwhile, dc currents cannot pass
through this grounding network. It should also be added that in the case of the presence
of several grounds, only one of the sources can have a solid ground, and the rest of the
sources should use capacitive grounding to prevent the leakage of dc currents through the
grounds.

Regarding Fig. 2.14, one method is to use anti-parallel diodes and capacitors in the
ground connection path of the sources [114]. As long as the voltage applied to them is
low, these diodes prevent leakage current, and in case of a fault, show normal behaviour.
Therefore, in this case, two modes, TN-S-CD and TN-S-CDD, are proposed. Fig. 2.15

shows this solution.
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Fig. 2.15. Grounding multiple sources in the bipolar dc system: (a) TN-S-CD; (b)
TN-S-CDD.

In the first case, one source is directly connected to the ground and the other
through the diode-capacitor network. In the second case, all sources are connected to the
ground through the diode-capacitor network. The use of these modes is applicable for

zones 2 and 3 in Fig. 2.2, where the current of resources is limited. In this case, the
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components should be designed according to the maximum fault current. Using this mode
for zones 0 and 1 requires a lot of accurate calculations to determine the maximum fault

current for component design.

2.8 Grounding in the connection point of the dc microgrid to the ac grid

Although in some cases, dc micro/nanogrids can be designed for the off-grid mode
in relation to the ac grid, in most cases, they should be connected to the main ac grid to
improve the reliability of the electricity supply. Regarding the dominance of the ac grid
from the generation, transmission, and distribution sector, dc microgrids should be
connected to the existing ac grid and should interact with power from that for self-
balancing. In this connection, protection, safety, and grounding methods should be
considered on both sides [125],[139]. Different configurations of grounding for pure ac
and pure dc systems were discussed in previous parts. But at the point where the dc system
i1s connected to the ac system, some aspects should be considered and the protection
method should be designed according to the grounding structure on both sides. At high
power and voltage levels, using isolation between dc and ac is mandatory to guarantee
reliability and safety. In the LVdc, galvanic isolation is supposed to be recruited, but it is
not obligatory. In the isolated mode, the grounding method on each side is independent
of the other side and the type of grounding is selected according to the above-mentioned
configurations in the ac and dc system grounding.

Fig. 2.16 shows a simplified connection point in the isolated case, while both sides

have grounding near the connection point as dc and ac sources.

ac grid
--------- L+
SR
""" ; 1R Isolated M
:" ' ac-dc dc system
\ 21 ‘ interface
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/,.’\\\:\\‘ \N T <
e L

Fig. 2.16. When both ac and dc sides have grounding, there will be a direct electric

path for current to pass between sides.
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The way of grounding has a direct effect on the leakage current. Due to the use of
an ac-dc interface converter in all situations, leakage currents can be seen passing through
different paths. In this section, the aim is to investigate the path of the possible leakage

current in different states of connecting the dc system to the ac grid.

2.8.1 Isolated case

In the case of high-frequency isolation, the important point is the existence of a
stray parasitic capacitor between the primary and secondary of the high-frequency
transformer Ci (interwinding capacitor). In different studies, different methods have
been presented to model this capacitor, which is in the picofarad range [140], [141]. Stray
capacitors in parallel to insulation resistance are used here for a high-frequency
transformer.

Two cases for grounding a dc microgrid are considered. The leakage current can
flow between the ac grid and the dc system through the stray capacitor and the insulation
resistance of the primary and secondary transformer, as demonstrated in Fig. 2.17 and
Fig. 2 .18.

Fig. 2.17(a) shows the first condition when the dc microgrid is grounded at a
negative point. For this configuration, since the ground on the dc side is at the negative
point, a bias voltage proportional to the dc side voltage will be added to the equivalent
circuit. Therefore, in this case, leakage current may have a dc component. Fig. 2.17(b)

shows the equivalent circuit for the leakage current paths in this connection type.

Riso
ac grid d « ?"N"_ de grid
ac-dc converter iw
- \\\ _”_ L+ Riso
MR A Eiluims
‘; 1 0% 3\\% !
T T T U3 ] L)
,'/ dc - I Vbias
N 1
R g High frequency transformer =
l__—_ ---------------------------------------------------------------------- > =

() (b)
Fig. 2.17. Leakage current path of high-frequency isolated connection for the

unipolar dc system: (a) general circuit; (b) simplified equivalent common-mode circuit.
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Fig. 2.18(a) shows the case where the dc microgrid has middle-point grounding.
Fig. 2.18(b) shows the simplified equivalent common-mode circuit. Due to the middle-
point grounding in the dc side, there will be no bias voltage in the equivalent circuit (bias
voltage sources will cancel each other). In this case, there 1s only a common-mode voltage
source, which can lead to high-frequency ac leakage current in this case.

In the case of using a low-frequency transformer, the ac grid is completely isolated

and there 1s no significant ac leakage current component between dc and ac grids.

id dc grid
acgn ac-dc converter
L+
TR ac 1 1 R
l M 1SO
" K ]
L_ cm
dC hd _,I\_ Vem c
o N
e High frequency transformer
l_-__ """""""""""""""""""""""""""""""""""""" > = -_— -_—
(@) (b)

Fig. 2.18. Leakage current path of high-frequency isolated connection for the
bipolar dc system (grounded at the middle point): (a) general circuit; (b) simplified

equivalent common-mode circuit.

The path of the dc leakage current is the same due to the theoretical presence of an
insulation resistance in parallel to this inter-winding capacitor. At the middle-point
grounding in the dc side, the insulation resistance will not have a significant impact on
the dc leakage current. But at the negative-point grounding in the dc side, insulation
resistance in the ac side causes a dc component in the total leakage current.

If the secondary side of the transformer and the dc system are both without
grounding (or IT grounding), then there will be no path for the leakage current due to the
absence of ground. Although in this case the leakage current is eliminated, this method is

not recommended because of protection and fault detection problems.

2.8.2 Non-isolated case

To increase efficiency and reduce the cost, volume, and weight, the connection
without isolation and solving the issues related to safety and protection in this connection

point can be a focus of future research and engineering considerations.
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At the same time, the absence of isolation applies a significant limitation on the
grounding possibilities on both sides. Depending on the condition of the switches, a direct
electrical path can be created through the grounds on both sides. Although the presence
of filters in the current path prevents short circuits, high-amplitude high-frequency current
can pass through two grounds.

The obvious solution in the case of a non-isolated connection is that only one side
should be grounded. This means having an IT configuration on the ac side in case the dc
side should be grounded, or if grounding in the ac side is mandatory, the dc side should
be ungrounded [81],[142]-[144]. Table 2.5 shows different possible solutions for
grounding at the connection point in non-isolated cases. As can be seen in this table, when
there is grounding on the ac side (TN and TT), the only possible solution on the dc side
is an ungrounded case. On the other hand, for the IT case, the dc side can be grounded at

the negative or middle point or even remain ungrounded.

Table 2.5
Different solutions for grounding at the connection point.
ac GND
TN (any kind) TT IT

de GND
Negative point grounded Forbidden Forbidden Possible
Middle point grounded Forbidden Forbidden Possible
Ungrounded Possible Possible Possible

The best solution for the non-isolated connection of dc microgrids to the ac grids
can be the use of common-ground structures [116], [145]-[151]. In this case, considering
that the negative pole of the dc system and the neutral of the ac grid are directly connected
to each other, a similar or even an asymmetrical grounding method can be used for both
sides. In the common-ground structure, the common-mode voltage on the dc negative and
the ac neutral is clamped to zero and their stray capacitors are bypassed. Therefore, ac

leakage current can be eliminated. The dc leakage current can also pass through the

70



insulation resistance, ground on the dc side of the system. To solve this, a TN-S-CD type
of connection (Fig.2.15) should be used on the dc side. Fig.2.19 shows the general view

of this solution.

Common-ground interface

===

K4 W N ac _
| . \\ Cmn iso
\ ac grid ; dc system

N N dc —

I

I
)I-H-l

o

I+

Fig. 2.19. Connection through a common-grounded inverter and elimination of the

leakage current path.

2.9 Conclusion

LVdc is increasing and developing in the distribution sector; however, as it was
shown in Chapter 1, there are still no sufficient standards and studies in the field of dc
system protection and grounding. To solve the issue of the improvement of the safety in
dc systems, all types of grounding methods in the dc system and at the connection point
of the dc to the ac grid were examined. Based on their comprehensive analysis, the dc and
the ac leakage current paths were identified, and finally, the advantages and disadvantages
of all possible grounding techniques were articulated. The following conclusions of
findings can be highlighted:

1. Even in the presence of galvanic isolation by means of high-frequency
transformer, leakage current can’t be eliminated due to the stray inter-winding
parasitic capacitance between primary and secondary sides. In case of
grounding on ac side (TN or TT configurations), leakage current originated
from dc side will be injected into the ac side via mentioned stray capacitance.
Low-frequency transformer eliminates this pass completely and can be

considered as a solution for leakage current elimination.
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2. Even in presence of high-frequency and low-frequency isolation, a dc
component in the leakage current can be originated by dc voltage bias between
the middle (or negative) point of the dc system and the neutral point of the ac
system. In order to eliminate this component, the configurations where there is
no voltage bias between the neutral point of the ac system and the middle point
of the dc system are recommended.

3. Grounding based on the middle point based on the TN-S-CD type is a highly
recommended solution in the dc system grounding. In addition to fault or
minimization of electric shock, it eliminates the dc leakage current between the
ac and the dc system.

4. Non-isolated common-ground solution for interlinking dc and ac grids can be
recommended as an alternative, cost-effective solution where the leakage
current between the ac and the dc grid can be completely eliminated.

Provided in the chapter analysis and conclusions create the foundation for further
research with the focus on the analysis of common-ground structures that have higher
capabilities, such as a high-power range, higher output quality in bi-directional operation,
and can be used at the connection point. In addition, practical solutions to reduce or
eliminate the leakage current at the connection point, as well as methods for fault

detection according to these grounding configurations, can be further analyzed.
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3 PROPOSED HYBRID ENERGY ROUTER

As it was mentioned in the first chapter, the increasing integration of PV systems
and BSSs in residential buildings, coupled with the new trends in PV-integrated energy
communities, has led to the development of various power electronics devices and EMSs,
such as Energy Router. This chapter introduces the general structure of the proposed
multiport ER structure and analyzes different parts of the ER, including inverter
modulation techniques and component design. Regarding the proposed structure, safety,

protection, and DCCB are also presented in the chapter.

3.1 Proposed structure

Based on the results of the analysis in previous chapters, the proposed topology for
an SC-TP multiport ER, as a new solution for the integration of PV systems and BSS in
residential buildings, is illustrated in Fig. 3.1. On the grid side, the single-stage common-
ground inverter (SSCG-Inv) is an inverter with a single-stage design, which is capable of
both voltage step-up and step-down operations [31]. A central dc bus (highlighted in
orange) acts as the system backbone, interconnecting all power sources, inverters, and dc
loads. This bus also facilitates potential interconnection with other nanogrids, thereby
enhancing system scalability. For load management, ac loads are positioned between the
inverter and the grid, enabling seamless operation in both grid-connected and islanded
modes. Relays are deployed on the grid, inverter, and load sides to dynamically connect
the inverter to the appropriate phase and supply ac loads accordingly. In this setup, the dc
bus can interact with all three ac phases via the ER, though not simultaneously. Phase
balancing is achieved by identifying and limiting power flow in the most heavily loaded
phase. In typical three-phase residential or commercial buildings, the power drawn from
each phase often varies significantly. The proposed approach helps mitigate this
imbalance, offering economic advantages by eliminating the need for two additional
conversion cells. This supports the adoption of a Single-Cell (SC) architecture over
traditional three-phase conversion systems. On the source side, both the PV system and
BSS are interfaced with the dc bus through dedicated dc-dc converters. The PV converter

operates in buck and boost modes, depending on the panel’s output voltage, while the
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BSS is connected via a bidirectional interleaved dc-dc converter that efficiently manages
high charging/discharging currents. The common-ground inverter structure not only
addresses leakage current issues but also unifies the ac and dc ground references,
enhancing system safety and protection [30]. Additionally, a Solid-State Circuit Breaker
(SSCB) is integrated into the system to provide rapid fault isolation in the event of a short
circuit [22].

[du
——o[1"° Optional non-
isolated
350 V dc voltage

terminal

SSCB

—__o—

Fig. 3.1. Concept of proposed SC-TP multiport ER.

The rationale for adopting the SC topology over the Three-Cell (TC) ER is
thoroughly discussed in [152]. It has been shown that the proposed SC-TP configuration
not only enhances PV self-consumption and reduces phase unbalance compared to single-
phase systems but also offers significant cost advantages relative to the TC-TP
architecture. These benefits position the SC-TP topology as a compelling alternative to
conventional single-phase approaches. By providing improved phase balancing, the SC-
TP system effectively mitigates the adverse impacts of behind-the-meter distributed PV
installations, enhances grid reliability and resilience, and enables more uniform load
distribution across the three phases. These attributes collectively contribute to increased

grid stability and reduced operational complexity for utility operators.
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To realize these advantages, the deployment of a Smart Energy Management
Algorithm (SEMA), operating alongside a fundamental low-level control algorithm, is
essential. This SEMA is responsible for detecting, managing, and compensating for phase
imbalances. However, the development of such an algorithm lies beyond the scope of this
work. Instead, the present study focuses on the proposed hardware architecture and its
associated low-level control layer, which is responsible for current control and regulating

a stable dc-link voltage through appropriate control strategies.

3.2 Inverter, modulation, and designing the passive element

As previously mentioned, the common-ground inverter is used in the ER structure
to eliminate leakage current and provide grounding in both ac and dc sides. This section
focuses particularly on the common-ground inverter, its modulation, and the design of

passive elements.

3.2.1 Single-stage common-ground inverter

Fig. 3.2 shows the structure of the common-ground inverter used in the ER. This
structure has five switches, a capacitor, and an inductor. This topology was introduced in
[31]. For this converter to be able to produce a sinusoidal output from the input dc voltage,
it is necessary to have the ability to operate in three different conditions as boost, buck,
and buck-boost [147]. Fig. 3.3 shows the desired sinusoidal output voltage curve and dc
input voltage. According to this diagram, in the positive half cycle, when the output
voltage is lower than the dc voltage, the converter should work in buck mode, and when
the output voltage is higher, in boost mode. In the negative half cycle, the situation is
completely different. In this case, this structure should work like a buck-boost converter
because the polarity of its output voltage is negative. Each of these situations is examined

below.
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Fig. 3.2. The topology of the common-ground inverter used in ER.

A Positive half-cycle Negative half-cycle

Buck Boost modeBuck
mode mode

A >
0 t; t rf\ /21t
I

Fig. 3.3. Different operating modes of the common-ground inverter.

3.2.1.1 Boost operation

In the boost function, the switches in this structure must act in a way that increases
the output voltage, similar to a boost converter. For this operation, S3 and Ss are always
on, while S, is always off. S; and S work in complementary mode. Fig. 3.4(a) and (b)
show this function. In case A, the inductor is charged first and the output voltage is equal
to the voltage of the intermediate capacitor. In state B, the inductor is discharged into the
intermediate capacitor. The equations of this state are also in the following form. The
duty cycle of the boost operation is controlled by S». By extracting the equation of voltage

across inductors in a period, we can write:
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Fig. 3.4. Operating mode under dc-dc positive boosted output voltage (a): first
state, (b): second state.

DT, T

<VL>=TL [ (V,N)dt+Ti [ (V=) (3.1
_1- ) 3
D, =1 A (3.2)
<VLf_>:TLS_T£(I/C—VOUT)dt. (3.3)
<VC>:<VOUT>' (3.4)

V)
D =1- Vo) (3.5)

while in these equations, V} is the voltage across the input-side inductor, V. is the voltage
across the inverter capacitor and V¢ is the voltage across the output filter inductor.
D, refers to the duty cycle of S, which is responsible for the boost operation and T is the

switching period. Values in (-) refers to averaged value of the voltage.
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3.2.1.2 Buck operation

Fig. 3.5 illustrates this operation. In this case, S; and Ss are always on, and S, is off.
S3 and S, work in a complementary condition and perform the buck operation. The input
source feeds the intermediate capacitor. Then this capacitor will be like a source for a
simple buck converter. The filter inductor also stores energy and transfers it to the output.
D, refers to the duty cycle of S;, which is responsible for the buck operation. The

equations of this function are as follows.

Fig. 3.5. Operating mode under dc-dc positive stepped down output voltage (a):

first state, (b): second state.

()= [0 v (3.6)

(Vi) =(Ve)- (3.7)

( L/>—% ! VOUT)dH% Tj (—Vipr ) dt. (3.8)
_ <VOUT> 39

D, A (3.9
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p, = Vour). (3.10)

3.2.1.3 Buck-boost operation

In this case (Fig. 3.6), for having a negative output voltage, this structure should
act like a buck-boost converter. S; and Sy are always on, and S3 is always off for this
operation. S, and S5 work in complementary mode, and the duty cycle value of S (D3)

determines the buck or boost gain. The output equations in this case are as follows.

Fig. 3.6. Operating mode under dc-dc negative buck-boost mode (a): first state, (b):

second state.

1% 1%
<VL>=E ! (V,N)dt+FD_L(V,N—VC)dt. (3.11)
V)
D, =1- . (3.12)
{Ve)
<VL,.>:TLD].TS(VC_V()UT)dl‘_"Ti T (_VOUT)dZ- (313)
VOUT
<Vc>=< D ) (3.14)
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p,= Vo) (3.15)

Vour)+ (Vi)
Therefore, the modulation of this inverter will be in such a way that, according to
Fig. 3.3, one of the above functional states is selected and the desired sinusoidal output is
produced. Table 3.1 shows the switching table for each of the cases, and Table 3.2 also
shows the voltage stress on the switches in each of the cases. The way to implement this
modulation can also be implemented by comparing the reference sinusoidal value with

the dc voltage and finally applying equations 3.5, 3.10, and 3.15.

Table 3.1
Inverter switching pattern.
Positive half cycle Negative half cycle
Switches [0-t] [t1-t2] [to-] [m-27]
S1 | 1-D; | 1
SZ 0 D1 0 D3
S3 D, 1 D, 0
S4 1-D, 0 1-D, 1
Ss | | | 1-Ds
Table 3.2
Inverter voltage stress.
Mode S1 S2 S3 S4 Ss Capacitor
Buck 0 Vin Vin Vin 0 Vin
Boost Viv/(1-D1) | Vin/(1-Dy) 0 Vin/(1-Dy) 0 Vin/(1-Dy)
Buck-boost 0 Viv/(1-D3) | Vin/(1-D3) 0 Vin/(1-D3) | Viv/(1-D3)
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3.2.2 Inverter component design

For the design of the passive components of the common ground inverter, the
inverter parameter values are given in Table 3.3. As can be found in the table, the
permissible voltage ripple across the capacitor is 10% and the inductor current ripple is
20% of the input current. Using general equations 16 and 17, the inductor and capacitor
in this inverter can be designed. In equation 3.16, I¢, fsw, AV, and D stand for the
capacitor current, switching frequency, voltage ripple over the capacitor and the duty
cycle, respectively. Also, in equation 3.17, V1, fsw, 411, and D stand for the voltage across

L, the switching frequency, the current ripple of the inductor, and the duty cycle.

Table 3.3
Design parameter
Peak value of grid voltage 325 Vac
Maximum output power 7000 W
Input voltage range 320-380 V
Voltage ripple across C 0.1 Vc
Current ripple of L 0.2 I
Switching frequency 65kHz
co_DxIc (3.16)
Sow XAV
= PV (3.17)
f:S’W X A[L

Given that the inverter in question operates in three modes: buck, boost, and buck-
boost, the corresponding duty cycle (equations 3.5, 3.10, and 3.15), capacitor current for
capacitor design, and inductor voltage for inductor design for each mode are substituted

into equations 3.16 and 3.17. The inductor and capacitor values are obtained for each
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mode. In equations 3.18-3.20, input and output current can be calculated through the input
and output voltage and the power of the inverter. In equation 3.21 also it should be
mentioned that the input voltage and the capacitor voltage are equal and therefore the
required inductor in this case is zero, and the buck operation is done through the inductor
filter. Finally, the largest value for the capacitor in equations 3.18-3.20 and the largest
value for the inductor in equations 3.21-3.23, or in other words, the worst case, are

considered for the inductor and capacitor.

K[IN> OUT OUT
Cor = .
Buck fSW XAV (3 18)
<IOUT>
C, .= .
Bomt fSW XAV X OUT (3 19)
<IOUT> <V0UT> ]
C uck—Boost = X . 320
PR f x AV e\ Vour )+ (Vi) (320

_ <V1N>_<VC> % <V0UT>

LBuck - f:SWXAIL ( <V,1N> J (3.21)
(V) ()

LBoost - _fSW XA[L x| 1= <V0UT>]' (3.22)

Vi) Vour) ]
'‘Buck—Boost = x . 3.23
For %80, Vs )+ (Vi) (3:23)

3.2.3 dc-dc converters component design

For the PV converter in Fig. 3.1, there are two operation modes: simple buck while
S7 1s off and S5 1s switching with buck mode duty cycle (Dpucx), and boost operation while
Ss1s on and S7 is switching with boost mode duty cycle (Dpoos:). In buck mode, the required

inductor can be calculated as in 3.24, and for boost mode as in 3.25.

V. x(1—-D, .)
L, =g buck /. (3.24)
v fSWXA]L
Ve x D
L boost 3.25
py = Ee D (325)
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while Vg is the dc-link voltage, Vpy is the PV voltage, fs is the switching frequency and
Al 1s the inductor current ripple.

Replacing the duty cycle in each case equations 3.26 and 3.27 will be driven.
Finally larger value will be chosen as the worst case. It should also be mentioned that for

this calculation, the upper and lower PV voltage should be tested to find the worst case.

I Vi x Wy = Vo) (3.26)

PV —Buck — .
fSW X AIL X VPV

L Vo x Ve =Vpy) (3.27)

PV —Boost — .
fSW X AIL X VPV

To calculate the inductors of the BSS interleaved dc-dc converter in Fig. 3.1 for the
boost case or discharging mode, the same equations as 3.25 and 3.27 can be used.
Reminding that the current ripple will be half, and the battery voltage (Vzss) will be used
instead of the PV voltage. As below:

Lyso pon., = Viss X (Vae = Vss) . (3.28)
T S X AL 25X Vg

In charging or buck mode of BSS, the buck equations 3.24 and 3.26 can also be
used, considering that the current ripple will be half, the input voltage will be the dc link
voltage, and the output voltage will be the battery voltage. As below:

Lyso por = Viss X Vae = Viss) ) (3.29)
Sy XAL 12XV,

It should be mentioned that in interleave mode, the values of inductors are equal
and equations 3.28 and 3.29 are the values of each one. Finally, by calculating equations
3.28 and 3.29, the larger value will be chosen for the inductors of the battery side

converter.

3.3 Safety and protection

As discussed in previous parts, common-ground structures can be a reliable
solution to mitigate leakage currents. At the same time, to protect personnel and
equipment, RCD is installed in the grid-side input. Fig. 3.7(a) shows a simple schematic
of grounding on both sides of the common-ground inverter. The neutral point of ac grid

is solidly grounded, which is also connected to the M point in dc part, eliminating leakage
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current paths. As can be seen, bodies of loads, inverter, etc, are connected to the ground
through the ground impedance Z;pc. Fig. 3.7(b) shows the case when a person touches
the hot line (L+) and the residual current path. In this case, the residual current will pass
through the capacitors in the inverter structure and the neutral wire of ac side. Therefore,
the RCD will trip and disconnect the grid.

RCD Non isolated ac-dc converter
Coil with common ground

( ) e oL+
PO
V il T — L de dc
g T load 1 load N
C - ¢

(a)
RCD Non isolated ac-dc converter )
; . Residual
Coil with common ground
- ~N current
v J%{ %S — T —
g
—
. J
ZgDC
|
.
(b)

Fig. 3.7. Protection and grounding for the proposed ER (a), residual current path in

case of touching the hot line.

3.4 Solid-state circuit breaker

The proposed ER in this work employs a dc link to supply loads or connect with
other nanogrids, requiring protection against short circuits and fast fault interruption.
Since dc system lacks a zero-crossing point and fault currents rise rapidly, a reliable
protection structure is essential. Various dc circuit breaker (DCCB) technologies have
been developed, generally classified as electromechanical, solid-state, and hybrid.

Electromechanical breakers suffer from arcing, slow operation, and component damage.
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Solid-state DCCBs, using devices such as SCRs, IGBTs, or MOSFETs, offer faster
performance, while hybrid designs combine electromechanical and solid-state features,
reducing losses but at a higher cost and with limited speed. In this work, a solid-state
DCCB, as presented in [22], is adopted for the ER. This structure is shown in Fig. 3.8. As

can be seen, three MOSFETs, four diodes, and a snubber are used in this structure.

Fig. 3.8. Topology of the SSCB used in ER structure [22].

In normal operation, the dc load is supplied through the MOSFETs §; and S, path,
and in the event of a short circuit, the MOSFET S; turns on and the short-circuit path is
disconnected from the dc link. The current in the inductors L; and L, also continues
through the diodes D; and D, path. The snubber circuit also reduces di/dt due to S;
switching.

This topology has the following characteristics:

1. Total input and output isolation both during and after the outage, improving the

safety level.

2. By removing the snubber from the main switch and power line, the leakage
current from the MOV is minimized, increasing the switches' voltage usage and
dependability.

3. This design avoids using the main path switches for fault clearance, increasing
reliability.

4. The snubber capacitor is quickly and completely discharged before reclosing.
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5. High modularity and higher power density as a result of the switches' enhanced
voltage utilization rate.
6. Reduced switch voltage overshoot.
Considering the above-mentioned features, using this DCCB, which has a
relatively low number of components at a reasonable cost, seems to be a logical choice

for ER structure.

3.5 Conclusion

This chapter presented the proposed SC-TP hybrid ER and described the benefits
of the SC-TP topology. Focusing on the common-ground inverter, its modulation was
analyzed for different modes to produce a sinusoidal voltage waveform. Besides the
component design for different parts, it was shown that using a common-ground inverter
not only eliminates leakage current paths, but also provides grounding for both sides
without isolation and subsequently lowers the weight and cost. Regarding the protection,
and RCD protection and DCCB were described. It was demonstrated that RCD will trip
in the event of leakage current on both dc and ac sides, ensuring safety. The used DCCB

also protected against short circuits with minimum components and reliable operation.
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4 CONTROL SYSTEM

Along with the structural layout, the control system of ER at different levels is also
a topic of much research. As it was described in the first chapter, in low and mid-level
control, classical control strategies are primarily used and designed to regulate the dc link
and manage power exchange with the grid. While these methods demonstrate acceptable
performance, they often exhibit relatively slow dynamic responses [32]. To enhance the
system response in dynamic conditions, other solutions have been proposed in various
studies.

Among the control methods suitable for dynamic conditions and nonlinear systems,
FBC theory has been introduced as a fast and reliable solution in dynamic conditions [39].
This control method, initially introduced by M. Fliess, demonstrates excellent
performance in managing nonlinear systems and provides robust capabilities for systems
with multiple state variables and inputs. Therefore, it can be a promising control solution
for ER where there are multiple power sources and sinks.

In this chapter, an FBC strategy i1s designed and used for the proposed ER to
regulate the dc link voltage and to control the grid-side current with a cascade dual-loop
structure. This solution is proposed to handle dynamic conditions in ERs, where
conventional methods may fail. In addition to FBC, the PR method has also been
investigated as a reliable alternative to control grid current due to its inherent capability
to achieve zero steady-state error for sinusoidal signals and its robustness in eliminating

higher-order harmonics.

4.1 Proposed solution in low-level control

Given the complex structure of the ER, where multiple sources and loads are
interconnected through a common dc link, implementing a control strategy that ensures
fast and accurate dynamic response is crucial. FBC can be a promising solution for
dynamic conditions in the power electronics field [153]-[156]. Among the available
control methods, FBC offers distinct advantages. This method, which is used for
nonlinear and multivariable systems, has a fast and accurate response in dynamic

conditions. This approach aims to extract an equivalent model of a system that satisfies
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the flat system requirement. In the FBC method, knowing the algebraic relations of the
system is enough, and with the algebraic and analytical relations, the system can be
controlled effectively. Therefore, the volume of system calculations is reduced and,
unlike the MPC method, it does not require solving the optimization problem at each time
step. However, this method also has limitations. The most important limitation is that the
system should have a flat output, or in other words, system variables should be defined
in such a way that the overall conditions of the flat system can be met. Like the MPC
method, this method also requires a mathematical model of the system, and if the
parameters change drastically, the controller's performance decreases.

Considering the above, FBC can be a promising option for a multi-port ER in low-
level control. To use this control method, the system should meet flat conditions. In the
following, the flat system is first defined, and then FBC is applied in the low-level control
of ER. Since the FBC control on the grid side is in the dq reference frame and the ER
structure is single-phase, first, how to apply dq transmission in the single-phase system is

investigated.

4.1.1 Theoretical foundation of the single-phase rotating dg reference frame

transformation

As is known, the conventional dg transformation derived from the abc frame (time-
domain variables) applies only to three-phase systems. This method has been extensively
employed in applications such as active power filters and reactive power compensation,
since it converts the fundamental frequency components into dc quantities [157157]. The
linear mapping from abc signals in the time domain to synchronous dg reference

components 1s expressed in (4.1):

Vg sinwt sin (0 — 21/3) sin (0 + 21/3) | [Vq
lvq]% coswt cos (0 —2m/3) cos (04 2m/3) [Ub]. 4.1)
Vo 1/2 1/2 1/2 Ve

Here, 0 is the wt and w denotes the electrical angular frequency. The three-phase
abc variables (currents or voltages) can also be projected onto the rotating dg frame by

first applying the Clarke transformation to obtain the orthogonal stationary af
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components (equation (4.2)), followed by the Park transformation into the synchronous
dq frame using expression (4.3):

[z;]zg [(1) ;%Z —1//52/2] Eg] (4.2)

[Vd]:[sinu)t —cosoot] [Voc]
Vql lcoswt sinwt 1LVl

(4.3)

Expression (4.3) is derived by rotating the stationary af8 frame at the fundamental
frequency, which requires two orthogonal components to obtain the corresponding dq
values. This becomes a challenge in single-phase circuits, where only one signal (voltage
or current) is available. To address this, several methods have been developed to generate
the missing orthogonal component, thereby enabling the application of dg theory in
single-phase systems.

In [158], [159], the concept of an orthogonal imaginary circuit is introduced, where
two signals are defined: the real component (measured voltage or current) and an
imaginary one, having the same properties but shifted by a quarter of the fundamental
period.

From a practical standpoint, if the real signal is measured, the orthogonal
component can be obtained using a simple time-delay approach (storing the signal value).
In this way, the measured signal represents the @ component, while its delayed version
represents the f component, as illustrated in Fig. 4.1(a).

The mathematical foundation for this method, assuming the real signal is
sinusoidal, is presented below (example for a voltage signal):

{ v, = U, = Vsin(wt + @) (4.4)

v; = vg = Vsin(wt + ¢ —/2) = —Vcos(wt + @)’

where v, and v; are the real and imaginary signals corresponding to v, and vs. In

order to extract the dc values in the dq rotating frame from ac signals (Fig. 4.1(b)), it is
necessary to apply the linear transformation given in (4.4):

[zd]:[sinwt —closa)t [za]

ql lcoswt sinwt B

Finally, the inverse transformation from dg signals to af is given by (4.8):

(4.5)
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Fig. 4.1. Real and imaginary signals (a), aff to rotating dg reference frame

transformation (b).

4.1.2 Flat system

By definition, a flat system is a system for which a set of flat outputs can be found
such that the control variable and the control input can be written in terms of those outputs
and their derivatives. From a mathematical point of view, if the system x = f(x,u) has
a state x € R™, and an input u € R™, then the system is differentially flat if an output

y € R™, can be found in the form:

y=¢(xu, .., ud), 4.7)
when,
x=¢y,...y"), (4.8)
And,
u=9yy, ...yr), (4.9)

Which means this system is differentially flat, and the mapping of (¢, ) is called
Lie-Backlund isomorphism and defines a flat system. / and r are also the number of time
derivatives. Fig. 4.2 shows a system model in both normal and corresponding flat models.
This method transforms a system defined in a complex space with integral curves into a
simpler space characterized by simple trajectories, without relying on differential
equations or imposing constraints on the variables. Consequently, system control in this

transformed space is expected to yield faster and more precise responses.
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Fig. 4.2. System modelling and its control trajectories.

Considering control levels in the first chapter, the ER low-level controller in grid-
connected mode employs a dual-loop control structure: an outer loop regulates the dc-
link voltage, while an inner loop tracks the inverter’s reference current. Consequently,
FBC should be implemented in a cascaded configuration. Once it is applied to the dc-link
subsystem to establish the inverter reference current, it is then utilized at the inverter’s
output side to ensure precise tracking and regulation of the inverter reference current.
System modelling.

Before formulating and developing the FBC control laws, it is essential to derive
the fundamental equations governing the ER. By applying Kirchhoff’s voltage law (KVL)
and Kirchhoff’s current law (KCL) to the inverter output and the LCL filter in the grid
side of the inverter (Fig. 4.3), the mathematical model governing the inverter-side

dynamics can be expressed as follows:

Fig. 4.3. ER inverter and its LC filter.
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G=r = Ri—v), (4.9)
B = L (ve ~ Raty — v,), (4.10)
o= 2(i—iy), (4.11)

where L;, L,, and C are the LCL filter inductors and capacitors, respectively. R; and R,
are the internal resistance of the inductors in the LCL filter.

In the dg frame, these equations will be written as:

di 1 _ _
ﬁ = Z(vd — Rylg — Veq) + wig, (4.12)
di 1 . )
d_tq=z(vq — Riig _qu) — Wlg, (4.13)

di 1 . ]

dgtd - L, (de — Ralgq — ng) + wigg, (4.14)
di ]
dgtq (quRzlgq vgq) — Wlgg, (4.15)
dv 1/, }
o = (la — iga) + wvcq, (4.16)
dvcg = (ig = igq) — WVca (4.17)

where i4, i,, are dq components of the inverter side current, and v; and v, are the dg
components of the inverter output voltage. igq, oy, Vcu, and ve, are also the dg components
of the grid side current and the voltage across the filter capacitor, respectively. Finally, ®
is the angular frequency.

The mathematical equation governing the dc link should also be considered. It is
evident that the power in the dc link is equal to the sum of the input and output powers to
the dc link. It means the sum of the input and output powers in the dc link is equal to the
power available in the dc link as follows:

Total power in dc lin = Ppy + Pggs + Py + Py, (4.18)
where Ppy is the PV power, Pgss 1s the BSS power, P, is the power of dc loads, and Py,
is the inverter power. For input power to dc link, it is considered positive, and for output
power, the sign of power should be negative. Accordingly, the dc load power (Pg.) is

always negative, and Ppy is always positive.
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4.1.3 Dc-link voltage regulation

The dc-link voltage in grid-connected mode is controlled by the inverter reference
current. To apply FBC in dc link, the energy available in the dc link is considered as the
flat output (es), the dc voltage as the control variable (V;.), and the inverter power as the

control input (Pj,,) with the following definitions:

Y = €4c
x =V, . (4.19)
u _'[ﬁnv

With these conditions, the system can be differentially flat, and the V. can be
controlled through the Pj,, and subsequently the inverter current. In this regard, the energy
in the dc link is estimated by the following equation:

eac =5 CacVie (4.20)
where e, 1s the energy in the link, Cg is the capacitance value of the dc-link capacitor,
and V. 1s the dc-link voltage. From the power point of view, the power in the dc-link is
the derivative of energy, which is the total power in the dc link:

€ac = Ppy £ Ppss — Pgc Py (4.21)

It should be mentioned that the EMS set the Ppy and Pgss. Pa. can also be measured

through the dc-load current. The power direction should also be considered by the

corresponding signs as previously mentioned. Then, rewriting (4.20) to obtain V,:

2de o x = p(y). (4.22)

V,. =
dc Cac

Therefore, the state variable (V) is a function of flat output (es.). Also, from (4.21)

and considering positive signs for Py, and Pgss, and rewriting P, in terms of V,:

Ve . 2eqc .
Py =PPV+PBSS_RLdC_ €dc =PPV+PBat_CdC:dC_ €dc =
u=v9Qy,y), (4.23)

which proves that the input variable is a function of flat output and its derivative.

Considering the flat system criteria, it can be concluded that this system is differentially

flat.
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4.1.4 Inverter current control

The second FBC is considered for the inner control loop, and it works based on the
dg components of the inverter voltage and current. Considering the mathematical
modeling equations of the inverter output filter in dg coordinates, the flat output and
control variable are considered the same as i, and i, and the control inputs are considered
as vz and v,. The following equations show these assumptions to reach the conditions of

the flat system:
_[ta _[ta _ [Va
y=| ] x= [l.q], u = [vq]. (4.24)

From (4.24), it is clear that x=y, and then x=¢(y), which means the control variable

is a function of flat output. Then, from (4.12), it can be written,

Vg = Lyia + Ryig — wlsiq +veq = uy = Py, ¥, ¥2), (4.25)
and from (4.13):

Therefore, the input variables can also be expressed in terms of flat outputs and

their derivatives, meaning the considered system is differentially flat.

4.1.5 Design process

The control system works based on the control inputs “u” in equations (4.23),
(4.25), and (4.26). In these equations, other terms are available, and just the derivative of

the control output “y ™ should be obtained. For this purpose, using a linear feedback

control law with the following equation y can also be obtained [160], [161]:

(y - VRef )+ Kii (v — yRef) + K, fot(y - YRef)dT =0, (4.27)
while yr.ris the reference value of the control output. Also, K;; and K;; are the coefficients
and must comply with the following polynomial:

p(s) = s? + 2{w,s + w2, (4.28)
which K;; and K;; are defined as follows:

Kll = Zfa)n, K12 = (1)721, (4.29)
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while { and w, are the desired dominant damping ratio and natural frequency,
respectively. These parameters are set knowing the switching frequency f;, of the system.

In the outer control loop, Py, is obtained by using equation (4.23). Obtained Py,
by any control solution, the inverter reference current can be computed. Considering the

power expressions in the dg frame, the current can be obtained as follows:

id 1 Vgd Vgq [va]
al __ 1t , , 430
[lq] (wg+vd) [”gq _vgd] Qmv (4.30)

The inner control loop works based on the control inputs (v4,v,) in equations (4.25)

and (4.26). To calculate control inputs, the derivative of the flat output (iu,7,) in

equations (4.25) and (4.26) should be obtained based on the control feedback law as in
the previous FBC. Other terms of these two equations are available, and finally, the
control input can be calculated. In the end, by using the dg to af conversion, the reference
modulating signal is generated.

According to the above explanations, the cascade control block diagram of the
inverter in the grid-connected state is shown in Fig. 4.4. The detailed implementation
process of the single-phase af to dg conversion and vice versa is described in previous
parts. Also, for simplicity in implementation and reducing the number of voltage sensors,

the capacitor voltage in (4.25) and (4.26) (v¢q, V¢q) can be considered approximately

equivalent to the grid voltage in the case of using an LCL filter.

It should also be mentioned that in FBC, trajectory planning plays a key role in
ensuring that the system follows a desired evolution of states while respecting physical
constraints. The main objective is to design smooth reference trajectories for flat outputs
and limit the derivative terms. Proper trajectory planning not only improves the transient
response and reduces overshoot but also guarantees feasibility by limiting the rate of
change and avoiding abrupt setpoint variations. As a result, it bridges the gap between the
theoretical flatness property and practical implementation under dynamic operating
conditions. To plan a desired trajectory for the flat output components, a low-pass second-
order filter can be used as follows:

Vref(s) 1

Yref(s) (L)2+ﬁs+1

wn2 wn2

: (4.31)
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where y;..¢(s) is the reference value of the flat output after passing the filter, and

(> and wn are also the desired dominant damping ratio and natural frequency,

respectively.
V. . _,j}
dc ,
—
w; Eqg. 4.20 T T T
— Prv Piu Pa
(@)
K2 +
= Kis + a Eq. 425 |=Vd
. A A
id* (ylﬂ) l-d* T T
—p—e—f d/di + .
) Lr RiswLiyVea Mod
5|
. | A
& d - K> + Ly Ri, wLiaVeq l
" * - F Pulses
" —L +Hd Eq 426 vy
iq (V7) d/dt Iy +
(b)

Fig. 4.4. New proposed comprehensive FBC control scheme. (a). FBC outer control
loop for the dc-link voltage regulation. (b). FBC inner control loop for the inverter current

control.

4.1.6 PR controller as an alternative for the grid current controller

Although FBC was successfully applied in simulations for both dc-link regulation
and grid current control, the experimental implementation focused on dc-link voltage

regulation only. For the inner current control loop, a PR controller was adopted. The
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choice of PR control is justified by its well-established reliability in grid-connected
applications, its inherent capability to achieve zero steady-state error for sinusoidal
signals, and its robustness in eliminating higher-order harmonics [162]. These properties
make the PR controller particularly attractive for practical implementation, where
computational simplicity, robustness, and compliance with grid standards are of primary
importance.

The PR controller is widely used in ac current control applications, especially for
grid-connected converters. The PR controller combines a proportional term with one or
more resonant terms to achieve both fast dynamic response and high steady-state
accuracy. The proportional gain K, improves transient performance and stabilizes the
system, while the resonant term introduces infinite gain at the fundamental grid frequency
@y, ensuring zero steady-state error for sinusoidal references. To further improve power
quality, additional resonant terms can be tuned at selected harmonic frequencies (s, 7=3,
5,...), effectively suppressing grid distortions and reducing total harmonic distortion
(THD). This combination makes the PR controller an effective and reliable solution for
achieving high-quality sinusoidal current injection into the grid.

Fig. 4.5 shows the general block diagram of an ideal PR controller form with an

infinite gain (K,») at w;. The transfer function of this controller is also written in (4.32).

Ky
ig* Vmod
S
: Ky—=—=
Ig he135. S T @,
Fig. 4.5. Block diagram of an ideal PR controller.
G (s)=K + K, —> 4.32
PR (S) 2 h:LZ&S’" rh S2 + 0)2 ( )

where K, is the proportional gain, K,; is the resonant gain and w; harmonic

frequencies at harmonic h.
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The resonant section of the PR controller can be realized using two cascaded
integrators, allowing control at a single frequency at w,.

In practice, the real implementation of the PR controller often employs a finite gain,
which helps minimize steady-state error and extend the controller’s bandwidth by
properly selecting the cutoff frequency wc¢ [163], [164]. This adjustment also reduces
sensitivity to grid frequency deviations and therefore improves robustness. Equation

(4.33) is an expression for this solution [165]:

. 2.8
G (s)=K, + K & (4.33)
PR ( ) » h=1,23;5,.. st 20,5 + @,

Lastly, some researchers suggest the following equation as a phase-compensation

method to reduce the effect of processing delays [166].

; $.COS — @, .sin
Gi(s) =K, + 3, K, =)0l (4:34)
=1,3,5,.. h

where the angle ¢, is a phase delay for each harmonic and is calculated in (4.34):

4, = N360. 2 L (4.35)

27w

N

which f; stands for switching frequency, and N is the number of harmonics.
Regarding the above equations and explanations, Fig. 4.6 shows the PR controller with
phase delay consideration, which is used in this work for simulation comparison and

experimental test.

cos(@,)

(’Uh . Sin(¢h)

X

Ig

Fig. 4.6. Block diagram of PR controller considering phase delay.



4.2 Possible high-level control and EMS

As previously mentioned, the control system consists of different levels. In high-
level control, an EMS sets the reference currents for different parts based on some simple
rules or a developed EMS based on the latest optimization solutions. In the following,

simple internal EMS and digitalized solutions are discussed.

4.2.1 Simple local EMS

Energy management algorithms for various operation modes include two
general conditions: grid-connected mode and off-grid mode. The EMS has different
operations. In each of these cases, the presence of PV and BSS can introduce different
modes and scenarios. Fig. 4.7 shows the general flowchart for a simple internal EMS
and different possible modes. In the off-grid state, the battery should always be
connected to the dc link to guarantee dc link stability. In a grid-connected mode, the
inverter controls dc link voltage and operates in grid-following mode, while in dc link,
the BSS and PV can be connected. The energy management algorithm finally
determines the reference current values for PV and BSS for each mode. Regarding the
different operation modes in grid-connected or off-grid conditions, reference signals
are sent to the control system of each converter. As can be seen in this flowchart SoC
of the BSS and the battery charging or discharging mode are determining factors to
set the reference currents. It should also be mentioned that this charging and
discharging mode can be set externally or by other optimization algorithms. Therefore,
modes 1 to 4 are related to different grid-following cases, while modes 5 and 6 can be

grid-forming or dc-mode, based on the ac or dc load type connection.
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Fig. 4.7. Simple internal energy management flowchart for different operating

modes.

4.2.2 From distributed control to full Digitalization of EMS

Nowadays, the 10T is present in the daily operation of many industries; applications

include but are not limited to smart cities, smart grids, and smart homes. 10T collects,

processes, analyzes, and uses data for management and optimization in various cases to

answer substantial requirements in terms of comfort, usability, security, and energy

management [ 167]. New buildings make no exception and the use of digitalization under

the title of smart buildings has been emerging in recent years. IoT provides remote
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monitoring, temperature and lighting control, building efficiency improvement, and
consequently money saving while increasing user comfort [168].

In response to the increase in the electrical power demand, the installation of
distributed generation units, in particular PVs, along with energy storage systems in
buildings have been gaining interest in the last decades. This gave way to new
considerations regarding the EMS within these buildings in terms of monitoring the
production, storage, and consumption. The goal is to migrate toward modern ZEBs. This
challenge was possible due to the advancement in power converters and microcontrollers.

Different strategies can be applied in EMS, with droop control being the most
common for power sharing in microgrids. It offers a reliable, low-cost, and
communication-free plug-and-play solution, though it suffers from impedance
dependency, inaccurate sharing, and slow dynamics. To overcome these issues, variants
such as adaptive, robust, and neural network-based droop control have been introduced,
as well as hybrid schemes combining droop with secondary communication-based
control.

For broader objectives, distributed hierarchical control with two or three levels is
often adopted, combining local droop at the primary level with higher-level controllers
that use low-bandwidth communication, consensus algorithms, and optimization at the
tertiary level. However, distributed methods cannot fully optimize power flow
economically, which requires centralized EMS. With increasing digitalization, cloud-
based EMS has become practical, offering scalable computation, storage, and data
analysis, as well as predictive and machine-learning capabilities, making it an efficient
and cost-effective solution for smart buildings and microgrids. However, as with all
centralized systems, the main drawback is the single-point failure problem and
consequently, the reliability in case of communication loss. In addition, the
communication cost can be a burden [169].

In order to overcome these issues, new paradigms are emerging, combining the
cloud-based EMS with an edge-computing device at the ER level [169]. Most
computation tasks are done at the Cloud-Computing Platform (CCP). With an

optimization objective, long-term prediction using all the available resources at the cloud
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are performed. This leaves simple calculation tasks to the local level that can be handled

by the computing resources of the inverters. In fact, all that is needed is to adapt or fine-

tune the strategy sent by the CCP based on local information and measurements related

to the storage devices, the generation, consumption, and switchable loads. Thus, the

maintenance needed at the edge level is reduced. In addition, the edge computing device

does not rely on instantaneous communication with the cloud and can work as a

standalone for short-term control; consequently, the communication burden is lightened.

In addition, the computing programs at the CCP can be easily modified, which

makes the approach flexible and expandable. Finally, the CCP can be shared by many

independent buildings, which reduces the cost.
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Fig. 4.8. Hybrid CCP/ ECP for high-level ER control.
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To summarize, combining CCP with the edge computing platform (ECP) gives a
flexible, expandable, cost-effective solution that performs overall economic optimization
based on collected data and prediction, which is not possible with decentralized EMS. In
addition, it is always possible to maintain a droop control at local level as a backup option
in case of communication loss in order to improve the reliability. This hybrid solution,
illustrated in Fig. 4.8, provides for autonomous operation when needed, so the single-
point failure problem is avoided and the communication cost is reduced when compared

to centralized EMS.

4.3 Conclusion

This chapter focused on low-level control of ER and then proposed FBC as an
effective approach to enhance the dynamic performance of the ER control system. The
FBC theory was described in detail. Since for FBC on the grid side, the dg transfer is
used, it was described how to implement the dq transfer for single-phase systems. After
deriving the ER modeling equations, the system's differential flatness conditions were
rigorously examined. FBC was implemented in two key aspects of the control system:
first, at the dc link to regulate energy flow and stabilize the dc-link voltage, and second,
at the inverter output filter to generate the reference voltage for inverter modulation.
Although FBC can be used for both dc-link and grid current, the PR controller was also
described as a reliable alternative solution for grid current, which can effectively
eliminate different harmonics. At the end, in high-level control, a simple local EMS and
a high-tech EMS based on CCP and ECP was described to reach the most optimized
energy management conditions.

In this chapter, control system of the energy router was deeply analyzed in various
levels of hierarchy and following results and findings were drawn:

1. Two conceptual high-level ER control were proposed: local energy
management system and its extension with the edge computing platform and cloud
computing platform, providing extended possibilities for the energy management.

2. A new flatness-theory based controller for dc-link voltage regulation in an

energy router was proposed, including structure, derivations and design considerations.
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3. As grid current controller, it was proposed to use a classical proportional-

resonant controller, which ensure fast and robust grid current control.
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5 SIMULATION AND EXPERIMENTAL VERIFICATION OF PROPOSED
ENERGY ROUTER SOLUTION

In this chapter, verification of the proposed energy router will be provided. The
first part presents simulation results regarding the proposed FBC method for the ER
system in low-level control. Simulation results examine the FBC solution for both the dc-
link voltage and grid current control, and then the performance of FBC is compared with
the conventional methods.

The second part of the verification procedures lies in the experimental tests, where
experimental results are presented in different operating conditions. For experimental,
FBC is used in the dc-link, while for the grid current, the PR method is used. Results
validate the proposed ER and its control system in different operating modes and dynamic
conditions.

To better understand the different simulation scenarios and experimental tests, Fig.
5.1 illustrates a simplified block diagram of the ER system along with the direction of
power flow in different parts. In our case, programmable DC-voltage power supplies.
ITECH IT6000C was used as an emulation of battery and PV modules in the experiment,

whereas computer models of battery and PV were used in verification by simulation.
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Fig. 5.1. Simplified block diagram of the ER system with power flow direction in
different parts.
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5.1 Simulation results for the FBC solution in dynamic conditions

To evaluate the adequate performance of the utilized FBC approach applied to the
ER structure (depicted in Fig. 5.1), a comprehensive simulation study in the PLECS
software is carried out. In the simulation parts, FBC theory is applied to regulate dc-link
voltage in an outer control loop and then the grid current in an inner loop. The main
simulation parameters are collected in Table 5.1. Under various dynamic conditions, the
FBC performance in stabilizing the dc-link and controlling the grid current has been
examined and compared with the traditional controller. In dc-link control, FBC
performance is compared with a PI controller. For the PI controller, the transfer function
of the structure for different modes is extracted, and then, using the PID tuner in
MATLAB, suitable PI coefficients are chosen. The selected scenario for this evaluation
includes step changes in different subsystems in off-grid and grid-connected cases. For
instance, a step change in loads or in PV production, a sudden shift in the battery current,
or a change mode from charging to discharging mode (or vice versa), or a step change in

the direction of the grid-side current to inject or receive power to/from the grid.
Table 5.1

Simulation parameters

Parameter’s name Value Units
Grid voltage, vg 230 \Y%
Dc-link voltage, Vac 350 \Y
Battery storage nominal voltage 250 \Y%
Dc-link capacitor 4760 uF
LC filter inductance, Ly 0.8 mH
LC filter capacitance, Cr 3.3 uF
LC filter resistance 0.1 Q
Switching frequency, fsw 62.5 kHz
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5.1.1 Step change in ac load (grid-forming)

In the grid-forming mode, the BSS is responsible for controlling the dc-link
voltage. To test the performance of the applied FBC method on ER in this case, the BSS
is discharging and feeding a dc load with a power of 630 W, while PV is not connected.
Then, at £ =0.7 s, a resistive ac load (59 Q) is added to the output side of the inverter. Fig.
5.2(a) shows the responses of the controller using FBC and PI solutions. As can be seen
in this case, the BSS reference currents for FBS is slightly faster. Fig. 5.2(b) shows the
dc-link voltage for this case, using FBC and PI approaches. As a result, the dc-link voltage
level is better maintained using FBC, and the step change in ac load will result in 3 V
undershoot and 50 ms settling time. However, with the PI control, the dc-link has almost

5 V undershoot, and it takes nearly 150 ms to reach its reference value.
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Fig. 5.2. (a). BSS reference current (control response) for a step change in ac load
(grid-forming mode) using FBC and PI, (b). Dc-link voltage and its behavior for the ac
load step change.

5.1.2 Step change in dc load (grid-following)

In this grid-following mode, it is assumed that initially, the BSS is discharging with
a power of 500 W, and PV is also working with a power of 520 W. Dc-link is feeding a
1000 W load. Then, at ¢t = 0.3 s, the dc load increases to 2000 W. Fig. 5.3(a) shows the
responses of the control system using FBC and PI solutions. The reference current for the
injected ac currents in FBC reacts faster against the step change, and also it has a lower
ripple compared to the PI control-based implementation. Fig. 5.3(b) shows the dc-link

voltage for this case, using FBC and PI approaches. As a result, the dc-link voltage level
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is much better maintained using FBC, and the step change in load has almost no impact
on the dc-link voltage. However, with the PI control, the dc-link voltage drops, and due

to the slow response and high capacitance in the dc link, it takes a much longer time

(nearly 1 s) to reach its reference.
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Fig. 5.3. (a). Inverter reference current (control response) for a step change in dc

load using FBC and PI, (b). Dc-link voltage and its behavior for dc load step change. In

the PI case, it takes almost 1 second to reach its reference.

5.1.3 Step changes in PV (grid-following)

The  third case study is related to a step change in
PV power in grid-following mode. Atz = 0.3 s, PV power increases from 520 W to 1020
W. Fig. 5.4 shows the inverter reference current and the dc-link voltage, respectively. In
this case, it is also clear that FBC is faster and the dc-link is much more stable. In the PI

case, the dc-link voltage increases at the step change time, and again it needs a long time

to reach its reference value.
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Fig. 5.4. (a) Inverter reference current for a step change in PV using FBC and PI,
(b) Dc-link voltage and its behaviour for a step change in PV.
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5.1.4 Step change in the BSS reference current (grid-following)

The fourth case is during the night without PV power. The BSS is discharging at
1000 W and there is a dc load of 1000 W. At # = 0.3 s, the BSS reference current changes
and it shifts from discharging mode to charging mode, receiving 1000 W from the grid.
In this situation, the inverter reference current changes and it demands power from the
grid. Fig. 5.5 shows the inverter reference current and dc-link voltage. It is also evident
that FBC 1s much faster than PI and the dc-link voltage for FBS doesn’t drop as in the PI
case. After applying this step change, as shown, the dc link voltage for the PI case starts

to track the reference very slowly, and it takes almost 1 second to reach its reference

value.

FBC = P] — . FBC— PI—

") w W

= B 0

=] b S
|

Dc-link voltage (V)

Inverter reference current (A)

T T T 2T T T - I T
0.20 0.25 0.30 0.35 0.40 045 0.50 0.20 0.25 0.30 0.35 0.40 045 0.50
Time (s) Time (s)

(a) (b)
Fig. 5.5. (a) Inverter reference current for step in the battery using FBC and PI, (b)

Dc-link voltage behavior for a step change in battery power.

5.1.5 Grid-side evaluation with FBC

To evaluate the performance of FBC on controlling the injected current of the
inverter into the grid, it is assumed that there will be dynamic conditions for load, PV,
and BSS. First, the BSS discharges 1000 W, and PV outputs 570 W. At = 0.3 s, the PV
power increases to 1600 W at ¢ = 0.5 s, the BSS mode changes to charging mode with
1000W, and finally, at #=0.7 s, a dc load of 1500 W is added.

Fig.5.6(a) shows the d component of the inverter reference current, which is the
FBC response to the corresponding dynamic conditions. Dc-link voltage evolution can be
seen in Fig.5.6(b). As seen, these dynamic conditions have little effect on the dc-link

voltage and it oscillates around its reference, while in the case of using PI, voltage
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drop/swell is inevitable. Finally, grid-side voltage and current (x10) along with grid
current frequency spectrum are shown in Fig.5.6(c). The voltage and current are in phase,
and the amplitude of the grid current properly tracks the inverter reference current. It is
also worth mentioning that at # = 0.7 s, the reference current changes from a positive to a
negative value, thus the power flow direction changes rapidly and receives power from
the grid, which all proves the reliability and fast response of the FBC solution to control
both the dc-link voltage and the grid current. However, as can be seen in the frequency
spectrum of the grid current, the current waveform has a relatively high 3™ harmonic,

resulting in 11.5% THD.
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Fig. 5.6. Results for several different dynamic conditions using FBC (a) Inverter

reference current, (b) Dc-link voltage, (¢) Grid-side voltage and current, along with

current frequency spectrum.

5.1.6 Grid-side evaluation with PR controller

As seen in the previous section, using FBC to control the dc-link voltage is

associated with a very fast and accurate response and consequently results in a stable dc-
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link voltage around the reference value. However, for grid current control, the grid current
has relatively high harmonics. In this section, the conditions are examined to control the
dc link voltage through FBC and the grid current in the inner control loop through PR to
eliminate all types of higher-order harmonics. The same condition as Fig.5.6 is considered
to examine the performance of the PR controller. Fig. 5.7 shows the grid-side voltage and
current (x10) along with the frequency spectrum of grid current while using PR method
to control grid current. As can be seen in this figure, PR response to dynamic conditions
is slower compared to FBC, while PR performance in eliminating harmonics is superior,
resulting in 3.3% THD. Taking into account this benefit, for the grid current control in

the experimental setup, a PR-controller is used to reach lower harmonic components.
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Fig. 5.7. Grid-side voltage and current (along with current frequency spectrum)

under dynamic conditions using PR to control grid current.

5.2 Experimental verification

Table 5.2 lists the specifications of the experimental prototype. The experimental
realization of the ER structure and its different parts is illustrated in Fig. 5.8, while Fig.
5.9 shows the laboratory setup, including supplies and loads. The processor used in this
work 1s a Texas Instruments TMS320F28379D, and the power switches are SiC-type
MOSFETs. ITECH IT6000C bi-directional power supplies are used as a battery and PV
emulator. Considering the presence of grid, PV, BSS, and dc/ac loads, experiments have
been performed for different operating modes and scenarios, including grid-forming or
grid-following conditions. In this part, different tests have been conducted to validate the

general operating modes and the control system in dynamic conditions.
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Laboratory prototype specifications

Components Characteristics

Switching frequency 62.5 kHz
Sampling time 32 ps
Dc-link capacitor 4760 puF
Inverter inductor 850 uH
LCL filters inductors 680 pH & 320 uH

LCL filter capacitor 3.3 uF
PV inductor 1.8 mH
Battery inductors 500 uH
Operating points
Grid voltage -400-400 V
dc-link voltage 280-380 V
Battery voltage 250-360 V
PV voltage 200-450 V

Semiconductor elements

Inverter MOSFETSs C3M0021120K
Battery converter MOSFETSs C3M0025065K
PV converter MOSFETSs C3M0025065K
SSCB MOSFETs C3M0025065K

Table 5.2
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Fig. 5.9. Laboratory setup.
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5.2.1 Dc-mode

This mode operates when supplying a dc load or connecting to other dc nanogrids.
It is activated once the BSS or PV voltage reaches the operating level, and grid-forming
and following permission is inactive. Fig. 5.10(a) and Fig. 5.10(b) illustrate two scenarios
of this mode. Fig. 5.10(a) corresponds to the dc mode with the BSS, showing inductor
currents of the interleaved BSS converter and the dc-link voltage supplying a 194 Q
resistive dc load. Fig. 5.10(b) shows the case where PV power exceeds the load demand,
resulting in BSS charging and receiving current. As shown, the dc-link voltage is
regulated at its reference; the PV current is positive, while the BSS current is negative,
indicating charging.
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Fig. 5.10. Experimental results for different operating modes. (a) dc-mode with

BSS. (b) dc-mode with PV and BSS.
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5.2.2 Grid-forming mode

This mode is activated when the PV or BSS voltage reaches the operating level,
grid-forming permission is active, while grid-following is inactive. Ac loads are powered
via their respective relays, while dc load supply is optional. Fig. 5.11(a) and Fig. 5.11(b)
correspond to this case. In Fig. 5.11(a), the PV supplies both dc and ac load of 194 Q and
59 Q, respectively. Fig. 5.11(b) presents the case where both PV and BSS operate in grid-
forming mode, supplying the same dc and ac loads. It displays the PV and BSS currents,
dc-link voltage, and ac output voltage. As observed, the dc-link voltage is regulated at
350V and includes double-frequency components of the ac output.
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Fig. 5.11. Experimental results for (a) Grid-forming with PV. (b) Grid-forming
with PV and BSS.
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5.2.3 Grid-following mode

When grid-following permission is active and PV or BSS voltage reaches the
operating range, this mode is initiated, allowing power exchange with the grid. Fig.
5.12(a) and Fig. 5.12(b) illustrate this case. In Fig. 5.12(a), a grid-following test is
performed with the PV operating at 25% of the nominal voltage for both the grid and dc
link. In the second case, the BSS voltage is set to 350 V, injecting 400 W into the grid
according to the predefined inverter current in the control algorithm. Fig. 5.12(b) displays
the grid voltage and current, the dc-link voltage, and the BSS current. As can be seen, the
injected current is in phase with the grid voltage, resulting in a unity power factor.
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Fig. 5.12. Experimental results for (a) Grid-following with PV at 25% of the

nominal voltage, (b) Grid-following with BSS, the nominal voltage.
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It should be mentioned that for these tests, FBC has been used to regulate dc-link
voltage and produce the grid current reference, and then the PR controller is used to

control the grid current.

5.2.4 Dynamic conditions

To evaluate control performance under dynamic conditions, a 59 Q resistive load
is connected and disconnected at the ac output while the system continues supplying dc
loads. This test is examined in grid-forming mode and it is in the same condition as in
the simulation part 5.1.1. Fig. 5.13(a) and Fig. 5.13(b) present the dc-link voltage
alongside the ac voltage and load current. Fig. 5.13(a) captures the moment when a 59 Q
load (820 W) is connected. The controller responds effectively, with minimal dc-link
voltage disturbance, approximately 5 V undershoot and a settling time around 40 ms. Fig.
5.13(b) illustrates the load disconnection, where the controller responds with minimal
overshoot and rapid stabilization. Notably, with conventional controllers, such step
changes result in significantly slower responses and larger undershoots/overshoots in the
dc-link voltage. Fig. 5.14 shows the same dynamic condition using a PI controller. As can
be seen in this figure, there is around 35 V undershoot, and the settling time is almost 500
ms. However, by changing Pl coefficients, the response might be faster, but
undershoot/overshoot will increase, resulting in reaching voltage protection thresholds
and subsequently triggering system protection shutdown.
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Fig. 5.13. Dc-link voltage behaviour under dynamic conditions with FBC (a)
adding 820 W (59 Q) ac load, (b) disconnecting the same ac load.
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Fig. 5.14. Dc-link voltage behaviour under dynamic conditions with PI controller

when adding 820 W (59 Q) ac load.

Table 5.3 summarizes the comparison of dynamic performance for dec-link voltage
control based on the simulations presented in Section 5.1.1 and the corresponding
experimental results. As observed, in the case of the FBC method, the simulation results
show 3 V undershoot and 50 ms settling time, while in the experimental implementation,
these values slightly increase, with a voltage drop of about 5 V and a settling time of
approximately 40 ms.

A closer examination of the table also reveals that for the PI controller, both the

voltage undershot and the settling time are smaller in the simulations compared to the
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experimental results. Nonetheless, despite the differences between simulation and
hardware implementation, the FBC method consistently demonstrates superior
performance. Specifically, it achieves faster response and significantly smaller voltage
undershoot compared to the PI controller, highlighting its robustness and effectiveness in
practical applications.

It should also be noted that regarding simulation results, when only the BSS is
connected (5.1.1), the PI response is faster, whereas in cases where all parts are connected
to the dc link (sections 5.1.2 to 5.1.4), the PI response is significantly slower due to the

slower dynamics of the total structure.

Table 5.3
Simulation and experimental comparison
Simulations Experiments
Settling time Undershoot Settling time Undershoot
PI method 150 ms 5V 500 ms 35V
FBC method 50 ms 3V 40 ms 5V

5.3 Conclusion

This chapter evaluates the performance of the proposed ER and control system
using simulations and experimental tests. In simulation parts, step changes were applied
to different parts of the ER in a simulation environment, and the results were compared
with conventional control methods. The findings confirmed that FBC offers superior
dynamic performance, achieving faster response and greater accuracy for dc-link voltage
control. FBC was also compared with PR controller for grid current. It was also shown
that although FBC has a faster speed in dynamic conditions, but the grid current contains
harmonic components and subsequently higher THD.

Experimental tests were also conducted under general operating modes and
dynamic conditions of step changes in load. FBC was used to control dc-link and the grid
current was controlled through the PR method. The results validated the effectiveness of
both the proposed structure and the control methods, confirming valid general

performance and a robust and fast control response in dynamic operating environments.
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It was shown that FBC in dynamic conditions has a robust and fast response for the dc-
link in comparison to a conventional PI controller. While in FBC, the dc-link undershoot
is almost 5 V and the settling time is around 40 ms, in PI method, there is a near 35 V

undershoot and a settling time of near 500 ms.
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6 CONCLUSION

Rising electric energy consumption requires a completely new approach to electric
energy supply and management. In the case of increasing the percentage of renewable
energy generation along with the implementation of the concept of ZEB, load-shifting
demand and battery storage are unavoidable components in future residential buildings.
At the same time, there are not many power electronics solutions on the market that
correspond to future challenges.

The possible architectures of the future ER are being discussed. One of the
important factors of any future ER structure is the ability to connect to future LVdc
microgrids. It is well known that LVdc distribution systems are emerging as an attractive
future solution to improve efficiency and increase system flexibility due to the initial dc
nature of all appliances. However, safety issues should be addressed as a priority, along
control strategy at different control levels.

The following conclusions were obtained in this thesis:

1. While ensuring the required safety and protection, a non-isolated structure was
proposed, which offers reduced volume, weight, and cost by eliminating the
isolation transformer.

2. Although using isolation between the ac grid and the dc nanogrid does not
completely suppress leakage currents, the proposed structure based on a
common-ground inverter effectively eliminates leakage current paths by
establishing a common ground for both ac and dc sides.

3. Although the pure dc system in the integration of ZEB to the grid has higher
efficiency, due to the current dominance of ac system, a hybrid structure is a
promising solution with relatively high efficiency.

4. Considering the growing expansion of dc nano/microgrids, the implementation
of appropriate grounding systems is essential to ensure the protection of both
personnel and equipment. Unlike previous studies and conventional structures,
which often overlook comprehensive protection strategies in the dc link, this

study investigated and applied effective grounding techniques. Various
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connection scenarios were analyzed, and tailored grounding methods were
proposed to provide reliable protection on both the ac and dc sides.

. In both high-frequency and low-frequency isolation, a dc component in the
leakage current can be created by dc voltage bias between the middle (or
negative) point of the dc system and the neutral point of the ac system. In order
to eliminate dc components, special grounding configurations and types were
proposed to cancel the voltage bias between the neutral point of the ac system
and the middle point of the dc system.

. Unlike conventional architectures that employ a single-cell configuration for
single-phase systems and a three-cell design for three-phase systems, the
proposed structure adopts a single-cell approach for three-phase operation. This
configuration enables dynamic phase selection, contributing to grid balancing
and offering considerable economic advantages by reducing hardware
complexity and cost.

. In this thesis, the FBC method is employed to enhance dynamic performance.
Despite requiring relatively low computational effort, the proposed approach
demonstrated notable improvements in dynamic response and significantly
enhanced the overall reliability of the system. FBC solution was used as a
promising control method to reach a fast a robust control response.

. For dc-link voltage regulation under dynamic conditions, the FBC demonstrates
a much faster and more robust response compared to the conventional PI
controller. However, while FBC also provides a fast response in grid current
control, the resulting current exhibits higher harmonic content and greater THD
compared to the PR method.

. It was demonstrated that for a significant step change in load with FBC, the dc-
link undershoot is less than 10 V and the settling time is approximately 40 ms.
While with PI, there is a near 35V undershoot and a settling time of near 500

ms.
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10.A possible higher control level, as the energy management layer, that integrates
droop control as a feedback mechanism alongside cloud and edge platforms, is
disclosed.

11.The simulation and experimental results validated the effectiveness of both the
proposed structure and the control method, confirming their robustness for

dynamic operating environments.
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