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English Summary

The world is undergoing a profound transformation with a remarkable increase in the use of
renewable energy. This paradigm shift is not limited to large utility-scale projects but is ex-
tending into residential applications, electrifying living spaces. Furthermore, advancements
in power electronic converters (PEC) play a key role in transforming energy management in
home applications. Thanks to PECs, residences have the potential to evolve into intelligent
ecosystems capable of optimizing energy consumption through advanced power manage-
ment, also known as smart home system.

In recent years, the increasing penetration of the renewable energy sources (RES) and the
residential-energy storage system (ESS) to the home allow supplying the power to the smart
home directly through the RES or residential-ESS by DC-DC power conversion without con-
necting to AC grid. The utilization of RES and residential-ESS helps to reduce the consump-
tion cost of the electricity, and helps to manage the power supply even during the black-out.
In these reasons, DC-DC converter in the smart home architecture became one of the neces-
sary component which makes possible to utilize the power of RESs and residential-ESS.

Conventionally, DC-DC converters have been used full power processing (FPP) architec-
tures, which process the total power from the input. On the other hand, the exploration
of partial power processing (PPP) architectures, which process only a portion of the power
from the input, offers a way to further reduce costs and losses compared to FPP architectures.
Therefore, use of PPP architectures in the smart home application gives higher possibility to
achieve better integration, ultimately reducing costs and volume of the PECs.

In this study, a multi-port PPP converter architecture is developed and analyzed for the smart
home application. The proposed architecture aims to improve the efficiency achieved by
state of the art multi-port PPP technologies. Furthermore, it also aims to reduce the volume
and cost of the converter by using partially rated power electronics devices compared to
conventional FPP converters. In order to achieve the goals, the topologies should be carried
out for the optimal selection. Furthermore, a detailed design guideline for the proposed
PPC is provided. Therefore, the converter can be realized and applied to practical solutions.
The relationship between the PPP capability of the proposed architecture and the losses are
analyzed to validate the PPP on the efficiency improvement. Finally, the prototype of the
proposed architecture concept is realized. The steady state operation and the power control
capability of the proposed architecture are validated by the experiments. The efficiencies at
different load conditions are also measured and the peak efficiency measurement result is
provided.
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German Summary

Die Welt befindet sich in einem tiefgreifenden Wandel, der durch einen bemerkenswerten
Anstieg der Nutzung erneuerbarer Energien gekennzeichnet ist. Dieser Paradigmenwech-
sel beschridnkt sich nicht nur auf groBle Versorgungsprojekte, sondern erstreckt sich auch
auf Anwendungen im Wohnbereich und elektrifiziert Lebensrdume. Dariiber hinaus spielen
Fortschritte bei Leistungselektronik-Wandlern (PEC) eine Schliisselrolle bei der Transforma-
tion des Energiemanagements in Heimanwendungen. Dank PECs haben Wohngebédude das
Potenzial, sich zu intelligenten Okosystemen zu entwickeln, die durch fortschrittliches En-
ergiemanagement, auch bekannt als Smart-Home-System, den Energieverbrauch optimieren
konnen.

In den letzten Jahren ermdoglicht die zunehmende Verbreitung erneuerbarer Energiequellen
(RES) und Energiespeichersysteme (ESS) fiir Privathaushalte die direkte Stromversorgung
von Smart Homes iiber RES oder ESS durch Gleichstromwandlung, ohne dass eine Verbindu-
ng zum Wechselstromnetz erforderlich ist. Die Nutzung von RES und ESS trigt zur Senkung
der Stromkosten bei und hilft, die Stromversorgung auch wihrend eines Stromausfalls aufrec-
htzuerhalten. Aus diesen Griinden wurde der DC-DC-Wandler in der Smart-Home-Architekt-
ur zu einer der notwendigen Komponenten, die die Nutzung der Energie aus RES und ESS
ermoglicht

Herkommlicherweise wurden in DC-DC-Wandlern Vollleistungs- Verarbeitungsarchitekturen
(FPP) verwendet, die die gesamte Leistung vom Eingang verarbeiten. Andererseits bietet die
Erforschung von Teilleistungs- Verarbeitungsarchitekturen (PPP), die nur einen Teil der Leis-
tung vom Eingang verarbeiten, eine Moglichkeit, Kosten und Verluste im Vergleich zu FPP-
Architekturen weiter zu reduzieren. Daher bietet die Verwendung von PPP-Architekturen in
Smart-Home-Anwendungen eine hohere Wahrscheinlichkeit, eine bessere Integration zu er-
reichen, was letztlich zu einer Reduzierung der Kosten und des Volumens der PECs fiihrt.

In dieser Studie wird eine neuartige Multi-Port-PPP-Konverterarchitektur fiir Smart-Home-
Anwendungen entwickelt und analysiert. Die vorgeschlagene Architektur zielt darauf ab,
die Effizienz der aktuellen Multi-Port-PPP-Technologien zu verbessern. Dariiber hinaus
soll durch den Einsatz von teilweise bewerteten passiven und aktiven Leistungselektron-
ikbauteilen im Vergleich zu herkdmmlichen FPP-Konvertern das Volumen und die Kosten
des Konverters reduziert werden. Um diese Ziele zu erreichen, sollten die Topologien fiir
eine optimale Auswahl durchgefiihrt werden. Dariiber hinaus wird eine detaillierte Kon-
struktionsrichtlinie fiir den vorgeschlagenen PPC bereitgestellt. Daher kann der Konverter
realisiert und in praktischen Losungen angewendet werden. Die Beziehung zwischen der
PPP-Fihigkeit der vorgeschlagenen Architektur und den Verlusten wird analysiert, um die
PPP hinsichtlich der Effizienzsteigerung zu validieren. SchlieBlich wird der Prototyp des
vorgeschlagenen Architekturkonzepts realisiert. Der stationédre Betrieb und die Leistungss-
teuerungsfihigkeit der vorgeschlagenen Architektur werden durch Experimente validiert.
Die Wirkungsgrade bei verschiedenen Lastbedingungen werden ebenfalls gemessen und das
Ergebnis der Spitzenwirkungsgradmessung wird angegeben.
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Used symbols and abbreviations

General Symbols

X instantaneous value
X Average value
X Oscillation value
Dx Differential value
X RMS value
Xpeak Peak value
Superscripts
Reference value
0 Value without control action
Subscripts
DCx DC input related
bus Inverter side DC bus related
p Partial power related
grid Grid related
ab Stationary reference frame values
d;q Synchronous reference frame values
pce Point of common coupling
SRC Series resonant converter related
DAB Dual active bridge converter related
min Minimum value
max Maximum value
S Partial voltage converter switching related
rate Rated value

Special symbols

DVpp Voltage ripple (peak-to-peak)
w Radial representation of frequency output of synchronization block
W Radial representation of the fundamental frequency

q Phase output of synchronization block
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VI

Dpulse
di=dt
Orr
by

ifx

Initial phase of the fundamental frequency
Inverter filter inductance

Inverter filter capacitance

Grid inductance

Inverter filter current

Inverter leg voltage

Grid voltage

PLL Admittance

Inverter Admittance

Self-Synchronization Admittance

Grid Admittance

Current reference amplitude

Grid Synchronization bandwidth

Inverter switching frequency

Full power processing losses

Partial power processing losses

Direct power

i'" partial capacitor of DPC

Partial voltage on i partial capacitor of DPC
Partial current through i/ partial capacitor of DPC
Current of i/ DPC

Duty cycle of i DPC

Differential power processed on i/ differential power converter
Auxiliary DC source voltage

Output current of x'"j,=;. ., fractional power converter
Output current of x'j x=1: :n partial power converter
Efficiency

Duty cycle of x” partial voltage converter
Maximum power point voltage of PV panel
Open circuit voltage of PV panel

Maximum power point current of PV panel
Rated power

Rated current

Break down voltage

Rated drain current

On state resistance

Gate charge

Pulse current

Commutation speed

Reverse recovery charge

Reverse recovery time

Filter current of x'* partial voltage converter

Sixs SQX, Sbxs S%x Switch sets of the PVC legs
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Iq Drain current of the switching device

Peon Conduction losses of the semiconductor
Psw Switching losses of the semiconductor

Var Gate driver output voltage

Vad Voltage applied to drain

Vs Drain-Source voltage

Vgs Gate-Source voltage

Ry Gate resistor

ig Gate current

Cygs Gate-Sources capacitor

Cyd Gate-Drain capacitor

Cas Drain-Sources capacitor

Vy(th) Gate threshold voltage

Vy(pit) Gate plateau voltage

tru Switch voltage rising time

try Switch voltage falling time

tr Drain current rising time

t Drain current falling time

Poct Processed power on DC transformer

Vori Primary side voltage of DC transformer
Vsec Secondary side voltage of DC transformer
Ik DAB converter current

iK1 First peak of DAB converter current

ik2 Second peak of DAB converter current

Lk DAB converter leakage inductance

N Transformer turns ratio

f Phase shift angle of DAB converter

n Number of DC input ports

GpaB Number of DC inputs

irp Inverter side resonant current

Lrp Inverter side resonant inductance

Cp Inverter side resonant capacitance

Lmp Inverter side magnetizing inductance

irs Partial voltage side resonant current

Lrs Partial voltage side resonant inductance
Cs Partial voltage side resonant capacitance
Lms Partial voltage side magnetizing inductance
fr Resonant current

Stx Sbx Switch sets of DBSRC legs

Voo' Voltage between neutral points of DBSRC legs
VIN General representation of DC input voltage representation of DBSRC legs
CiN General representation of DC input capacitor of DBSRC legs

Ciy» G General representation of top-bottom split DC input capacitor of DBSRC legs
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General representation of resonant current of DBSRC legs
General representation of resonant inductance of DBSRC legs
General representation of resonant capacitance of DBSRC legs
General representation of magnetizing inductance of DBSRC legs
General representation of magnetizing current of DBSRC legs
Transformer voltage step

Top side partial capacitor

Bottom side partial capacitor

Volume of inductor

Inductor volume coef cient

\Volume of capacitor

Capacitor volume coef cient

Inductor core losses

Stein-Metz coef cient

Flux density

Inductor winding resistance

dielectric bulk conductivity

Permittivity of dielectric

Saturation current

Length

Width

Height

Current control transfer function

PVC transfer function

Integral time

LC time constant

Close loop transfer function of PVC

Damping constant

Bandwidth

Settling time

Inverter side transformer turns

Core area

Transformer volume

Transformer core volume

Core length

Transformer core losses per unit volume

First harmonic approximation voltage input

First harmonic approximation voltage output

Phase angle betweer, andvs

Equivalent AC load of DHBSRC

Gain function of DHBSRC

Reactance

Inductor turns ratio
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Imp
Bo

Mw

DT
ka1 kC! kW

Quiality factor

Normalized radial DHBSRC switching frequency
Inverter side magnetizing current of DHBSRC
Optimal ux density

resistivity of copper

Temperature rise

Dimensionless constant coef cient
winding window utilization factor

Voltage waveform factor

Effective length

Effective area

Effective volume

Mass of core

Area product

Wire area

Current density

Transformer core losses

Inverter side DC resistance of transformer
Partial voltage side DC resistance of transformer
Mean length of turn on inverter side

Mean length of turn on partial voltage side
Skin depth

Inverter side AC resistance of transformer
Partial voltage side AC resistance of transformer
Radius of wire

Copper losses of the transformer

Inverter side self inductance

Partial voltage side self inductance
Airgap

Transformer core reluctance

Distance of core geometry (Fig. 4.20)
Area of core geometry (Fig. 4.20)

Area of airgap (Fig. 4.20)

Equivalent total reluctance of transformer
vacuum permeability (8110e 7 H/m)
Average width of inverter side turns
Average width of partial voltage side turns
gap between wires

height of the wires

Transformer coupling coef cient

Partial power ratio

Junction temperature

Junction to case thermal resistance
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Tem Case temperature

Rehm Case to heatsink thermal resistance
Th Heatsink temperature

Rha Heatsink to ambient losses

Ta Ambient temperature

Lhs Heatsink volume

Wy Heatsink weight

Ls Switch volume

Abbreviations

RES Renewable Energy Sources
PEC Power Electronic Converter
PV Photo-Voltaic

EV Electric Vehicle

ESS Energy Storage System
LED Light Emitting Diode

FPC Full Power Converter

HFT High Frequency Transformer
PPP Partial Power Processing
PD Power Density

PPC Partial Power Converter
PWM Phase Width Modulation

Pl Proportional-Integral

PLL Phase Locked Loop

p.u. per unit

FPP Full Power Processing

VA \Volt-Ampere

DPC Differential Power Converter
FRPC Fractional Power Converter
KCL Kirchhoff's Current Law
IPOS Input Parallel-Output Series
ISOP Input Series-Output Parallel
PVC Partial Voltage Converter
DAB Dual Active Bridge

SRC Series Resonant Converter
MPP Maximum Power Point
MPPT Maximum Power Point Tracking
HB Half-Bridge

ZNS Zero voltage switching

DBSRC Dual bridge series resonant converter
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NPC
DHBSRC
FHA

ESR

CSF

UF

Neutral Point Clamped

Dual half-bridge series resonant converter
First Harmonic Approximation

Equivalent series resistance

Component stress factor

Utilization factor

Xl
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1 Introduction

This chapter presents the motivations of the the novel partial power DC-DC converter ar-
chitecture development. The targets of the development are to improve the ef ciency and
volume reduction compared to the conventional DC-DC converter architectures. After the
motivation of work, a research proposal for the thesis is explained. Finally, the structure of
the thesis is described. In addition, the related publications corresponding to each chapter
are highlighted.

1.1 Motivation of novel multi-port partial power DC-DC converter
architecture development

The modern world is witnessing a change in the living spaces. Smart homes have emerged
as a solution that integrates intelligent control devices, residential-energy storage systems
(ESSs), and various loads to enable a more ef cient and sustainable lifestyle. The power

electronics converter (PEC), as the power conversion interface of the smart home, is the key
player in shaping the future of modern power grids.

DC power conversion has recently become one of the important requirement for smart homes
due to the increasing penetration of DC sources and DC loads, such as solar photovoltaic
(PV) systems, residential-energy storage systems (ESSs), DC heatpumps, and LED lights.
Since different types and numbers of DC sources and DC loads are connected to DC-DC
converters, which provide power conversion between renewable energy sources (RESs) and
DC loads, a multi-port architecture is required for the DC-DC converter in smart homes.

The key challenges for multi-port DC-DC converters are to increase ef ciency and reduce the
size, weight and cost of the PEC interfaces. Achieving these goals will not only improve the
performance of smart homes, but also contribute to the wider adoption of renewable energy
and sustainable living. The PEC interfaces have traditionally used a full power processing
(FPP) DC-DC converter architectures that process the full voltage and full current of the
input sources. However, the recent researches show that the partial power processing (PPP)
architectures can further reduce the aforementioned challenges of the conventional FPP ar-
chitectures. The PPP architectures allow the DC-DC converters to process only a part of the
power, hence reducing the losses on the PEC interfaces. In addition, the volume and costs
of the active and passive components also can be reduced by utilizing lower power ratings in
the DC-DC converters compared to FPP. Therefore, the use of PPP DC-DC converters can
increase ef ciency by reducing the power processing, and achieve volume and costs reduc-
tion by using the lower power rating devices respect to non-partial power processing DC-DC
converters (or FPP).

The main focus of this thesis is to reduce the losses, volume, and costs of the conventional
FPPs. In order to achieve the objective of the study, a novel multi-port partial power con-
verter (PPC) architecture is proposed. The topology of the proposed architecture is optimally
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selected through the analytical investigation. The control of the proposed multi-port PPC is
introduced and the parameter selection of the control is provided. The parameters of the
hardware are also optimally designed based on the parameter design guide provided in the
thesis. Finally, the proposed architecture is realized with the laboratory scale prototype. In
addition, the operating principle and power processing concept of the proposed architecture
is validated with the prototype..

1.2 Research proposal

This thesis aims to develop a novel DC-DC multi-port PPC architecture for the smart home
application, which targets on enhancing the ef ciency of the DC-DC converter stage and
reduce the volume of the converter. The thesis focuses on the development of operation
solutions in three different aspects:

Target I: A novel PPC architecture and its optimization respect to all the different stages

The rst research target is to propose a novel PPC architecture and optimize its topology
in order to nd the best trade off between the losses and volume of the DC-DC converters.
The operating point and the ratings of the proposed PPC will be speci ed based on the
market analysis. Several DC-DC converter topologies are investigated for the multi-port PPC
architecture. Since, the aim of the proposed multi-port PPC architecture is to achieve high
ef ciency, the most optimal topology for the proposed PPC should be selected by comparing
the losses of all possible topology combinations.

Target II: Design and optimization of the control and power conversion parameters

The second research target is to provide guidance on the parameter determination for the
novel PPC architecture. Firstly, the control method of the proposed architecture is provided
to clarify the operating principle of the converter. The control parameters of the proposed
architecture should be designed based on the model of the proposed multi-port PPC. The
hardware parameters are also optimally selected to achieve the target current and voltage
ripple by using optimal inductance and capacitance. Based on the designed parameters, the
optimal commercial element selection method is discussed. Furthermore, the transformer
of the proposed PPC is precisely designed to achieve the expected behavior as the theoret-
ical model. The designed parameters, simulation results and actual parameter values are
compared to prove the accuracy of the transformer design.

Target IlI: Validation of the proposed PPC architecture

The third research target is to validate the novel PPC architecture. The relationship between
the processed power on the proposed multi-port PPC and the losses will be analyzed. Based
on the loss analysis, the ef ciency of the proposed PPC will be estimated. The total volume
and weight will be measured to obtain the power density of the prototype. The operating
concept of the proposed PPC will be validated by the experimental results with the lab scale
prototype. Finally, the ef ciency will be measured using the power analyzer and compared
with the estimated ef ciency.
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1.3 Structure of the thesis

The structure of this thesis is shown in Fig. 1.1. An introduction to smart home applications
and their structure is given in Chapter 2. An DC-AC power conversion interface between
the AC grid and a DC grids in the smart home is one of the necessary function that required
for a smart home architecture. Therefore, an inverter, which performs the DC-AC power
conversion, is brie y explained to give a short introduction about its control method of each
off-grid and grid-connected modes. Furthermore, two different grid synchronization meth-
ods for the grid connected modes are compared in order to analyze the effect of the grid
synchronization block on the stability of the inverter control. As discussed earlier, a DC-DC
power conversion stage is the main focus of the thesis that targets the ef ciency and volume
optimization. The DC-DC converter architectures are categorized according to their power
processing characteristics. The conventional full power DC-DC converter architectures in
the smart homes are described. The different state of the art DC-DC converter architectures
and their power processing principles are also analyzed. The ef ciencies of the most related
articles are also compared to benchmark the peak ef ciencies achieved by the state of the art
technology.

Chapter 3 describes a proposed multi-port PPC architecture with the topology selection. Be-
fore going into the detailed topology selection, the target operating range and power ratings
of the proposed architecture are decided based on the market research. The topology of the
rst stage, which is called the partial voltage converter stage, of the proposed architecture
is selected by nding an optimal trade of point between losses and volume of it. In addi-
tion, the switching states and operating modes of different topology options for the PVCs
are provided. The DC transformer is the other stage whose topology needs to be selected.
The isolated converters with bidirectional power control capability are considered for the
topology options. For the smart home applications, a wide load condition should be consid-
ered due to the different DC interfaces (PV, EV and home storage). Therefore, the isolated
converter with wide load ZVS capability is considered for the DC transformer stage. Further-
more, after selecting the topology, the primary and secondary bridges of the DC transformer
are also selected by nding an optimal trade off point between the losses and volume.

Chapter 4 presents the control scheme of the proposed multi-port PPC and its parameter
design. The control and operating principle of the proposed architecture is given with the
block diagram. The power conversion parameters of the PPC are selected to achieve the
target current and voltage ripple. The commercial inductor and capacitor selection guide is
also provided. The parameters of the DC transformer are also designed to achieve the target
gain. Based on the selected parameters, the transformer is modeled and realized to obtain
the close matching parameters between the theoretical design. The target parameters, the
theoretical model and those of the realized transformer are compared to check the accuracy
of the transformer model.

The analysis of the proposed PPC and the construction of the laboratory prototype hardware,
including heatsink, is carried out in Chapter 5. The partial power processing has a signi cant
impact on the losses of the converter. Therefore, the power processing characteristics of



1 Introduction 4

the proposed multi-port PPC are analyzed using the utilization factor and the partial power
processing ratio, which are the indicators to show the amount of power processing. Then, the
ef ciency and losses of the multi-port PPC are analyzed to validate the relationship between
the PPP characteristics of the proposed architecture. The lab scale prototype is built based on
the selected parameters and the heatsink selection for the prototype is also performed. The
volume and weight of the prototype are measured to verify the power density.

In Chapter 6, the concept and performance of the proposed multi-port PPC are validated
by the experiments. Finally, the benchmark and proposed architectures are compared to
highlight the improvements of the proposed solution.

Chapter 7 summarizes the results and provides the conclusions. The performance of the
proposed multi-port PPC is concluded. Finally, an outlook on future work is given.

1.4 Assignment of publications to the chapters of this thesis
Journal papers

J1 Y. D. Kwon, F. Freijedo, T. Wijekoon, and M. Liserre, "Series Resonant Converter
Based Full-Bridge DC-DC Partial Power Converter for Solar RVIEEE Journal of
Emerging and Selected Topics in Power Electromad. 12, no. 2, pp. 1719-1729,
April 2024.

J2 Y. D. Kwon, F. Freijedo, T. Wijekoon, and M. Liserre, "A multi port partial power
converter for smart home applicationg)"|EEE Transactions on Power Electronjcs
vol. 39, no. 7, pp. 8824-8833, July 2024.

Conference Proceedings

C1 Y. D. Kwon, R. Zhu, M. Liserre, B. McGrath, A. A. Nazib, D. G. Holmes, P. Mu,
"Impedance-based Stability Assessment of Self-Synchronising Power Electronics Con-
verter,"in 2020 International Power Electronics Motion Control Conference (IPEMC-
2020-ECCE Asig)2020, pp. 2116-2121.

C2 R. Zhu, Y.D. Kwon, M. Liserre, A. A. Nazib, D. G. Holmes, B. McGrath, "Phase An-
gle Compensation-based Highly Accurate Self-Synchronising Inveite£020 In-
ternational Power Electronics Motion Control Conference (IPEMC2020-ECCE Asia)
2020, pp. 2088-2092.

C3 S.Pugliese, Y. D. Kwon, and M. Liserre, "Positive-Negative Sequence SRF-PLL Model
for Accurate Stability Analysis in Grid-Tied Converter#'2020 IEEE Energy Con-
version Congress and Exposition (ECCEQ20, pp. 3593-3600.



1 Introduction 5

C4

C5

C6

C7

Y. D. Kwon, F. Freijedo, T. Wijekoon, and M. Liserre, "Partial Power Processing
DC/DC MPPT Converters in Solar PV Applications: Overview of Architectures,"”
2022 IEEE International Symposium on Power Electronics for Distributed Generation
Systems (PEDGR022, pp. 1-6.

Y. D. Kwon, T. Wijekoon, F. Freijedo, and M. Liserre, "Bidirectional Multi-Port Partial
Power Converter for Solar PV Applicationsti' PCIM2023; International Exhibition

and Conference for Power Electronics, Intelligent Motion, Renewable Energy and En-
ergy Managemenk023, pp. 1-7.

Y. D. Kwon, F. Freijedo, J. Olschewski, T. Wijekoon, and M. Liserre, "Design and Op-
timization of CLLC Converter Enabling Highly-Ef cient Partial Power Processing for
Solar PV Applications,'In PCIM2023; International Exhibition and Conference for
Power Electronics, Intelligent Motion, Renewable Energy and Energy Management
2023, pp. 1-8.

Y. D. Kwon, F. Freijedo, T. Wijekoon, and M. Liserre, "Combined Partial Voltage
and Current Power Processing DC/DC Converters for Solar PV applicatior)23
International Conference on Power Electronics and ECCE Asia (ICPE 2023 - ECCE
Asia), 2023, pp. 492-497.



1 Introduction

Figure 1.1: Structure of the thesis and related publications.



2 Power converters in the smart home application 7

2 Power converters in the smart home application

Figure 2.1: Smart home applications and architecture.

The demand for clean and sustainable electrical energy has grown rapidly in recent years,
with renewable energy powered smart home technologies becoming mainstream and cost-
effective for self-suf cient domestic needs [1, 2]. To transfer power between various sources
and loads connected to the smart home, power electronic converters (PECs) are the core
technology for such smart home technologies [3]. As shown in Fig. 2.1, the smart home ar-
chitecture has two power conversion stages: i) the DC-AC power conversion stage to supply
the power to the loads and the grid connection, and ii) the DC-DC power conversion stage,
which has the multi-port DC inputs to connect the DC loads and DC sources.

The inverter, which is the PEC for the DC-AC power conversion, can operate in two modes.
If there is no grid connection, the inverter supports the power supply to the AC loads. In this
mode, the power for the home appliances can be supported by the energy from renewable
energy sources (RESs). On the other hand, if there is more power available than the AC
loads require, the inverter can feed the power directly into the grid. In addition, if there is no
power generation from the RESS, the inverter should control the DC bus voltage to supply
the power to the DC loads through the grid connection.

On the DC side of the smart home, there are devices such as renewable energy sources,
energy storage devices such as batteries and electric vehicles (EVs), and different types of
loads such as DC pumps or LED lighting. In a given smart home layout, multiple modes of
energy exchange between renewable sources, storage elements and loads can coexist [4]. For
example, during a day, photovoltaic (PV) panels can directly power household appliances,
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and any excess energy can be used to charge the residential-ESSs or electric vehicles (EVS).
In the absence of solar, the residential-ESSs can support the necessary loads in the home
appliances to increase self-consumption, while also providing a backup source in the event
of a grid blackout [5—7]. The multiple DC sources and DC loads can be considered as a DC
micro-grid connected to the common DC bus on the inverter side [8—10].

To handle the power from multiple DC sources and to DC loads, a multi-port converter
architecture is required [11-15]. The multi-port converter architectures can be categorized
according to their power processing characteristics: full power processing converters and
partial power processing converters. The detailed categorization of the multi-port DC-DC
converter architecture that has been studied recently should be reviewed and compared.

This chapter provides a brief introduction to the DC-AC power conversion strategy in grid
forming mode and grid following mode. In addition, the effect of the grid synchronization
methods, which is one of the key technologies for the grid following mode, on the control
stability is presented. Next, the multi-port DC-DC converter architectures are categorized
according to their power processing characteristics. The power processing of each archi-
tecture is visualized using a volt-ampere (VA) area model. A review of the state of the art
multi-port architectures are compared by the table. Finally, the benchmarks and targets of
the study is speci ed based on the comparisons of the state of art multi-port architectures.

2.1 DC-AC converter stage control

Figure 2.2: inverter con guration for smart home and its control block diagram.

DC-AC power conversion is required to drive the AC loads and to make the connection to
the grid. A general smart home inverter con guration and its control block diagram is shown
in Fig. 2.2. The inverter can be connected either to AC loads or to the grid. Depending
on its connection, the inverter can be operated in two modes: grid forming mode and grid
following mode.
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Figure 2.3: Control block diagram of grid forming mode.

2.1.1 Grid forming mode

If the smart home provides the power to the AC loads without being connected to the grid, the
inverter should be operated in grid forming mode, where the inverter forms the grid to drive
the AC loads [16-18]. As shown in the block diagram in Fig. 2.3, the grid forming mode
consists of three loops [19-21]. The rst loop is the external power control loop, which
derives the voltage amplitude and frequency information for the voltage control [22—-25].
This can be done by following the droop characteristics of the active and reactive power. The
second loop is for the voltage control of the grid voltage and its frequency, which controls
the grid voltage and its frequency [26—28]. The third loop is the current loop, which controls
the current by following the frequency and phase of the grid voltage. Finally, the inverter
can form the grid with the optimum voltage derived from the grid forming mode control.

2.1.2 Grid following mode

Figure 2.4: Control block diagram of grid following mode.

If the RESs generates more power than the AC load demands, the inverter can connect to
the grid and the redundant power from RESs can be supplied to the grid [29—32]. The grid
following mode control block is shown in Fig. 2.4. The external power control loop provides
the dq current references on the synchronous axis. The dq axis current is converted to the
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ab current and applied to the current control. In grid following mode, the inverter should be
able to track the grid angle and magnitude to inject or absorb the active and reactive power to
the grid in order to comply with the grid codes. A grid synchronization technique is required
to meet the grid code requirements and also to synchronize with the frequency and phase
of the grid. One method of the grid synchronization is using a phase locked loop (PLL) by
directly measuring the grid voltageptc). Another method is using a self-synchronization

by obtaining the grid voltage informatior)(indirectly from the internal current control.

Grid synchronization methods

The synchronization block can provide the frequency and phase angle information for the
current control. There are two ways of synchronization with the grids. The rstis to measure
the grid voltage directly and to calculate the frequency and phase information using the phase
locked loop (PLL) [33—36]. The second method is to use the indirect phase information from
the control and calculate the phase information. This method is called self-synchronization
method [37-39].

A. Phased locked loop

Figure 2.5: Control block diagram of phase locked loop (PLL).

The control block of the PLL is shown in Fig. 2.5. The PLL tracks the phase angle of the
grid by the measured grid voltage. The block diagram shows that the direct grid voltage
measurement creates a closed loop between the grid voligge énd the input reference
currents {,). This loop has an effect not only on the stability of the current control, but also
on the stability of the inverter. This means that the PLL based on measuring the grid voltage
can degrade the stability of the inverters because the PLL provides an additional path for the
harmonics to propagate through the control loop of the inverters [40, 41].

B. Self-Synchronization

The self-synchronization is an alternative synchronization method for grid connected invert-
ers which control block is depicted in the Fig. 2.6. In the self synchronizing inverters, the
grid voltage measurement is no longer required. The phase information of the grid is ob-
tained by using the internal signals from the current control of the inverters. Let the vector
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Figure 2.6: Control block diagram of self synchronization.

Z = ZelWot| then the relationships of the voltages on the stationary frame in Fig. 2.2 can be
written as follows:

dr S
Vi = La + ¥grid = JWolT (2.1)

whereL is the lter inductance of the inverte¥, (c.f. Fig. 2.2),vgriq, T are the vectors of the
inverter leg voltage, the grid voltage, and the inverter Iter current respectively.

In order to control the stationary frame currenitg, |, the resonant control should be em-
ployed for the inverter. The, of the resonant control applied system can be obtained as:

S . . s . .
oz (o ) gl ) 22)

()= kot

wherek, andk: are the proportional and resonant gainss the resonant frequenay, is
the reference stationary frame currents.

Put (2.2) in (2.1)vgrid can be derived as follows:

ks . . . )
Vgrid(S)  €ap = W(Tab Tap)  JWoLfT (2.3)
0

(2.3) shows that the grid voltage information can be indirectly derived from the resonant

controller in the self-synchronization applied inverters instead of direct measurement of ac
grid voltages by voltage sensors as the PLL applied inverters. Therefore, unlike the control

loops of the PLL applied inverters, self-synchronization does not have closed loop from grid

voltage to current reference. This means that the synchronization does not affect the system

stability.
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Impedance based stability analysis

Since the impedance of the inverter is in uenced by the synchronization unit, the impedance-
based stability approach is used. An impedance-based stability criterion is the stability anal-
ysis method which based on the ratio of input to output impedance and the phase difference
between two connected systems. The analysis can characterize the frequency response of the
inverter output impedance and intuitively show the impacts caused by the synchronization
unit [42]. Therefore, the stability of the synchronization methods can be systematically stud-
ied taking into account the bandwidth variation of the grid synchronization, the variation of
inverter impedance, and the operating point.

Figure 2.7: Interaction caused by grid impedance and inverter impedance.

The impedance-based model of the conventional PLL based inverter and the self-synchronizing
inverter are compared in Fig. 2.7. In the gung,is the admittance fromgg to i without
considering the PLL unit, and | is the impedance that only caused by the PLL (the loop
from vgrig to PLL and then te, as shown in Fig. 2.5) in the conventional PLL based inverter.

Y1 andYp | are denoted as the inverter admittance and PLL admittance respectiveasy.

the output admittance of the self-synchronizing inverfgsq is the grid admittance. As dis-
cussed earlier, the total output impedance of the conventional PLL based inverter is equal to
parallel admittance of; andYp . Based on Fig. 2.7, the interaction caused by impedance
can be expressed as:

Ygrid
Y1+ Yo+ Ypr + Ygrid

VoedS) = (lgria 11 12)(Ya+ Y2+ YprL + Ygrig) + Vgrid (2.4)

The equation shows that the interaction between the inverter and grid can be caused by the
impedance.

The total admittance of the conventional PLL and the self-synchronizing inverter can be
obtained as follows:
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Yi =Yi+ Y
totp | 1 PLL (25)
Yioteer = Y2

As explained earlier, the admittance of the PLL whichg, is derived from the loop be-
tweenvy andq. Hence, based on (2.3), the parameter of the grid side Iter inductance can
impact on the stability of conventional PLL based inverter. On the other hand, stability of the
self-synchronizing inverter does not have the loop between the grid synchronization. Hence
the stability is only determined by the admittance of invevter

A root locus can be plotted based on the admittance model in order to analyze the stability
of the conventional PLL and the self-synchronization inverters. The root locus of the PLL
based is shown in Fig. 2.8. Fig. 2.8 (a) shows that the impact of the PLL bandwidth on
the behavior of roots of the conventional PLL based inverter when lter inductarce3

mH and the current amplitudg, = 5 A. The system poles move to the right half plane and
cross the imaginary axis by increasing the PLL bandwigtf, from 100 Hz to 600 Hz. As

a result, the PLL bandwidth is limited by the system stability concern. In Fig. 2.8 (b), the
impact ofL variation on the roots of the conventional PLL based inverter is plotted. To see
the impact ofl. change, the PLL bandwidtfgy = 600 Hz and the amplitude of the current
referencel,, = 5 A. The system poles move to the right half plane as well by increasing

L from 1 mH to 19 mH. This diagram indicates that the parametér cdn impact on the
stability of the conventional PLL based PECs. Fig. 2.8 (c) shows the impacts of current
reference in the conventional PLL-based PECs, when the PLL bandfggth 600 Hz, the

Iter inductanceL = 8 mH. Thely, is increased from 1 A to 11 A and it is shown that the

Im makes the system unstable. The analysis shows that the grid voltage measurement PLL
on the system stability of inverters. The results show that a high bandwidth of the PLL and
a high amplitude of the injected current will both challenge the stability of grid-connected
inverters. Therefore, in order to ensure stability of the conventional PLL-based inverter, all
of these three constraints &, L, andl,, must be considered for the system stability.

Figure 2.8: Root Locus of the conventional PLL based system under (a) PLL bandwidth
variation L = 8 mH andl, = 5 A), (b) Iter inductance variation {gyw = 600
Hz andly, = 5 A), and (c) current reference variatiofg(y = 600 Hz and_ = 8
mH).
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Figure 2.9: Root Locus of the self-synchronization system under (a) PLL bandwidth varia-
tion (L= 8 mH andl,, = 5A), (b) lter inductance variation {gy = 600 Hz and
Im= 5 A), and (c) current reference variatiofg{y = 600 Hz and. = 8 mH).

In contrast, the impacts of these three constraints on the stability of the self-synchronizing

inverters are shown in Fig. 2.9. Fig. 2.9 (a) sholgg, of the self-synchronizing inverter

does not change the roots of the inverter. This validates that the self-synchronization does
not impact on the inverter impedance. In Fig. 2.9 (b) shows that the imp&ctariation on

roots of the self-synchronizing inverter. The change of roots are also smaller as compared to
the conventional PLL based inverter that shown in Fig. 2.8 (b). Finlallpeither affect to

the output impedance of self-synchronization inverter, as shown in Fig. 2.9 (c). The Fig. 2.8

and Fig. 2.9 validates that the self-synchronizing inverters are more robust and stable than
the conventional PLL-based inverters.

In order to evaluate the impact of synchronization units bandwidth on the inverters, the
impedance based stability analysis is used, based on the admittance model as shown in Fig.
2.7. Fig. 2.7 (a) shows the bode diagram of the conventional PLL and self-synchronizing
inverter. The gure shows that the conventional PLL based inverters does not have any phase
margin. Hence, the PLL based inverter can be unstable g 600 Hz,L = 8 mH and

Im = 8 A. On the other hand, the self-synchronizing inverter has enough stable margin.

The Nyquist diagram also presents the clear results as shown in Fig. 2.10 (b). The conven-
tional PLL-based inverters are unstable while it encircle the critical point (-1,0). On the other
hand, the self-synchronizing inverters do not encircle the critical point. All of the aforemen-
tioned analysis validate that the self-synchronizing inverters is more stable and robust against
the fgw, L, andly, changes.

Simulation and experimental results

The simulation and experiments are carried out in order to validate the theoretical analysis
with a 4 kW inverter. The electrical and control parameters of the system are organized in
Table. 2.1.

The simulation results of three phase grid currents and voltages of PLL based and self-
synchronizing based inverters are shown in Fig. 2.11 (a) and Fig. 2.11 (b), respectively. Fig.
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Figure 2.10: (a) Bode diagram of impedance based model and (b) Nyquist diagram of
impedance based model.

Table 2.1: Simulations and experimental parameters

Parameters | Symbol| Value | Unit |
Grid voltage amplitude Vgrid 50 \Y,
Grid frequency forid 50 Hz
Grid inductance Lgrid 56 | mH
Rated power P ated 4 kW
Switching frequency finv 10 | kHz
Filter inductance 8 mH

L
Filter capacitance C 5 mF
PLL Bandwidth few 600 | Hz

ko

Kr

Proportional gain of current 15 -
Resonant gain of current 1550 | -
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Figure 2.11: Simulation results of injected currents and grid voltages: (a) conventional PLL
based inverter and (b) self-synchronizing inverter (parameters in Table. 2.1).

2.11 (a) shows that the three phase currents and grid voltages are seriously distorted because
of the combination on the higfgw andZ_. In contrast, three phase current and the grid
voltages are stable with the self-synchronization as shown in Fig. 2.11 (b). Therefore, the
simulation results in Fig. Fig. 2.11 (a) and Fig. 2.11 (b) show that the theoretical analysis
are valid.

The experimental results in Fig. 2.12 (a) show the injected current and grid voltage of the
inverter with the conventional PLL whefgy = 600 Hz. The experimental results show that

the injected grid currents and voltages are distorted at kigh The stability of PLL can

be degraded by the PLL impedance as the analysis in Fig. 2.8. In the experiment parasitic
parameters of ac lter, converter and isolated transformer are existed, hence the amplitude
of resonance in the injected currents is slightly different from the simulation results in Fig.
2.11 (a).

The three phase currents and grid voltages of the self-synchronizing inverter are measured
as shown in Fig. 2.12 (b) which experiment has been conducted under the same condition as
in Fig. 2.12 (a). As discussed before in the impedance based stability anégygishange

of the self-synchronization does not impact on the stability of PEC. The self-synchronizing
inverter shows less distortion with higher current and voltage quality, in contrast to the con-
ventional PLL based inverter even with thigyy = 600 Hz. The experimental results also
proves that the stability of self-synchronizing inverter is not affected bygtag as the anal-

ysis results in Fig. 2.9 shows. Therefore, from the experimental results, it can be concluded
that the self-synchronizing inverters have advantage in terms of the stability compared to the
conventional PLL based inverters.
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Figure 2.12: Experimental results comparison of (a) the conventional PLL based inverter,
and (b) self-synchronizing inverter.

2.2 The architectures of DC-DC converter stage

The DC-DC converter stage of the smart home application is highlighted in Fig. 2.1 with
the blue color. The DC bus voltage on the inverter side is higher than the DC input voltages.
Therefore, a boost type DC-DC converter is used for the smart home applications [43—45].
Multiple sources and DC loads are connected to the input side of the multi-port DC-DC
converter. The DC-DC converter has the capability to process the power between the DC
sources and loads. The output side of the DC-DC converter is connected to the DC bus of
the inverter. The architecture of the DC-DC converter can be categorized according to its
power processing characteristics.

2.2.1 Full power processing DC-DC converter architecture

A full power processing (FPP) architecture is one of the most common power processing
architectures in the industry. The power processing characteristics of FPP can be described
by a power ow diagram and the volt-ampere (VA) area model are shown in Fig. 2.13.

The power ow diagram in Fig. 2.13 (a) shows the power processing of the DC-DC con-
verters in the FPP architecture. Following the energy conservation principle, the relationship
between the input and output power can be express&®ss = Pys the relationship can

be reorganized as:
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Figure 2.13: Power processing nature of full power processing (FPP) architectures: (a) power
ow diagram and (b) VA area model.

SVbexlpex = Voudbus (2.6)

The equation shows that the total power of the DC infifby) is processed by the DC-DC
converters and delivered to the output. Therefore, in order to build the DC-DC converter that
processeSPycy, the full voltage and full current rated semiconductor devices that have the
same level as the system power are required. The DC-DC converter for the FPP is called
a full power converter (FPC). The losses of the FPCs are caused by the power dissipation
of the power electronics components. As shown in the gure, the losse¥ ¢f FPCs are
caused by the DC-DC converters processsigcy.

The rst multi-port FPP architecture option is to use n-number of FPCs for each port, as
shown in Fig. 2.14. The architecture shows that the multiple individual FPCs are connected
to each DC input\{pcx). Therefore, the FPCs control the voltage and current for each con-
nected renewable energy source and DC load. The output of each FPC is connected to the
common DC bus on the inverter side. The architecture can use the different FPC topologies
that are suitable for each DC input port requirements for the smart home applications [46].
Therefore, each converter function is limited by the designated DC inputs to which the con-
verter is connected.

The second possible multi-port FPP architecture is to use multi-winding transformer, as de-
picted in Fig. 2.15. As shown in the gure, a multi-winding high frequency transformer
(HFT) is used between the AC-DC and DC-AC converters/gr andVpcy respectively.

The DC-DC converter topology that using HFT can be used to build the multi-port FPC,
which is either a resonant converter or an active bridge converter topology. The power from
the DC inputs can be converted frorg,s to Vpcx or fromVpey to Vpex. For example@

the power generated by the PVs can be fed intoig or @ the the EV battery or the
residential-ESSs can be charged by the power from the PVs. The advantage of the multi-
winding transformer based FPC architecture is that it provides a high modularity by using
the same cell for each DC input. Although, the power can ow into two different directions,
the multi-winding transformers are not widely used in the industrial applications due to their
design complexity.

In order to build the multi-port FPP architecture, the ratings of the DC-AC converter at the
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Figure 2.14: Multi-port FPP architecture using multiple FPCs.

output port should be designed to process the total power from the input demand. Therefore,
the capacity of the DC-AC converter on the output port should be designed with a higher
ratings than the input port. However, recent studies gured out that the converter can process
a part of the power from the input by using a partial power processing (PPP) architectures.

2.2.2 Partial power processing DC-DC converter architectures

The PPP architectures have been introduced to reduce the voltage or current ratings of semi-
conductor and passive devices [47-49]. The key difference of PPP between FPP is depicted
in Fig. 2.16 by the power ow diagram.

The power ow diagram in Fig. 2.16 shows that the DC-DC converters in the PPP architec-
ture process only the target partial powgy)( In the gure, the DC-DC converter processes

Py which is a part oPpcx. The rest of the powely; is called a direct poweR;;) which is

not processed by the DC-DC converter, and bypasses direcily,doThe power ow dia-

gram shows that the DC-DC converter does not process full DC input power but the partial
power, hence the architecture is called PPP. By using the PPP architecture, the lower power
processing feature can provide the potential to build high ef ciency, and high power density
(PD) converters. Compared to FPP, the processed power on the DC-DC converter can be
reduced due to processing partial power, which eventually can lead to a reduction in losses

(ALp).
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Figure 2.15: Multi-port FPP architecture using multi-winding transformer.

Figure 2.16: Power ow diagram of partial power processing (PPP) architectures.

20
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In addition, the energy conservation equation of the PPP can be expressed by using the
relationship in the diagram as:

SPocx = Puir+ Po = Pous (2.7)

Considering the ideal power processing that ignores the losses, Fig. 2.16 and (2.7) shows that
the energy conservation betweRsty andR,,sof the PPP can be achieved by the summation
of Pyir andP.

Figure 2.17: Categorization of partial power processing (PPP) architectures.

The different types of the PPP architectures have been actively researched to improve the
ef ciency and PD for the different applications [50, 51]. The categorization of PPP archi-
tectures are depicted in Table. 2.17. The PPP architectures can be divided into three large
categories: i) differential power converters (DPCs) [52—64], ii) fractional power converters
(FRPCs) [65—-71], and iii) Partial Power Converters (PPCs) [72—-88]. The PPP concept of
each architecture are visualized by the VA area model. The VA area model can be plotted
by placing the voltage amplitude on the vertical and lying the current amplitude on the lat-
eral [89]. In order to select the optimal PPP architecture for the smart home applications, the
PPP architecture options have been investigated and compared.

Differential power converter

The architecture of differential power converters (DPC) is depicted in Fig. 2.18 (a). The
input DC voltageVpc of the DPCs is separated by the multiple series capaci@igg Cp).

The DPCs perform energy balancing between the sub-partial-DC voltgges ;i) onCp

to Cpi. Using the Kirchhoff's current law (KCL), the differential current processed on each
DPCs can be expressed as follows:

lapg = I Ips* Di tlape-t)+ (1 Diva)ldpe, , (2.8)

whereDiji=1.2. :n is the duty cycle of each DPC arg is current owing through each
DPCs.

The equation shows that the DPCs process the differential current between each converters.
Therefore, the power processed on the DPCs can be achieved by the partial véitage (
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Figure 2.18: Differential power converter (DPC): (a) schematics and (b) VA area model.

partial current lgpg). The total differential power processed on the DPCs can be written
as:

SPdfi = Vpi |dpq (2.9)

wherePys, is the differential power thatj;- 12, :n DPC processey,, is the partial voltage
on the series capacit@;, andlgp. is the differential current that"” DPC processes.

The PPP of the DPCs can be visualized by the VA area model as shown in Fig. 2.18 (b). The
VA area model shows that the total DPC shares the full input DC volfggeHowever, the

PPP can be achieved by processing the partial current whigfgis If there is the power
imbalance between t&,;, the DPCs will compensate the differential power between each

According to (2.8) and (2.9), the DPCs process the partial voltage and current whigf are
andlgpci. Therefore, the volume of the individual DPC can be reduced by using decreased
rating active and passive elements. However, in order to build the DC-DC converter that
considering the total number of DPCs wittn DC inputs, the DPCs have to use too many
active and passive elements.

Fractional power converter

The fractional power converters (FRPC) topology is shown in Fig. 2.19 (a). In order to build
the FRPC, auxiliary partial DC voltage sourc¥g jx=1.2: :n) Should be used. The DC-DC



2 Power converters in the smart home application 23

Figure 2.19: Fractional power converter (FRPC): (a) schematics and (b) VA area model.

converters process the optimum current for each input sources demands.

In Fig. 2.19 (b), the power processing characteristics of FRPC is described using the VA
area model. The VA area model shows that the power processing of the FRPC is similar to
the power processing of the FPP that shown in Fig. 2.13 (b). Howeygy,of the FRPC

has the lower voltage than the input DC voltage which makes the partial voltages can be
processed for each DC-DC converter of the FRPC. The rest of the pBMey;, is bypassed
directly to the bus side. Therefore, the FRPC can process partial power by controlling the
required currentlpcy, from the partial voltage of the auxiliary DC sourdégy . Using the
gualitative analysis in Fig. 2.19 (b), the relationship between input and output power can be
expressed as follows:

VousSlix = S fV_D?Ell;C}( + Yau?ZIEIF ) (2.10)

Bypassed power Processed power

wherelygy is the output current of each FRPC angly, is the auxiliary voltage of each input
port.

The advantage of FRPC is that the conventional low voltage rating DC-DC converters that
can proces¥,yx, can be used. However, it is necessary to use auxiliary partial DC voltage
sources. Therefore, the additional DC sources increase the cost and volume of the overall
system.

Partial power converter

A PPC topology of an input parallel output series partial power converter (IPOS PPC) is
depicted in Fig. 2.20 (a). The DC-DC converter of the IPOS PPC is built by the isolated
converter topology, which delivers the power from the input to the output port by phase
shift modulation. The IPOS PPC has the parallel node on the input which connected to the
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Figure 2.20: Input parallel-Output series partial power converter (IPOS PPC) architecture:
(a) schematics and (b) VA area model.

negative port of the output and the positive node of the output port is connected in series
to the inverter side DC bus. The full DC input voltaggcx is applied to the input side of

the IPOS PPC. Due to the parallel node on the input side, the following voltage and current
relationship can be satis ed:

Vbus= Vbex + Vpx 2.11)

lox = lpcx  lpx

Therefore, the power processed on the input side of the IPOS PPC can be expressed as
Vbexlpx- The processed power expression shows that the partial power on the input side of
the IPOS PPC can be achieved by processing full voltage-partial current. The positive hode
of the output port of IPOS PPC is connected in series betWg@nA partial voltageV, is

applied to the output of the IPOS PPC. The full output curkgpts processed on the inverter

DC bus side of the IPOS PPC. Hence, the power processed on the output side of the IPOS
PPC isVplox. This shows that partial power on the output side can be achieved by processing
partial voltage-full current. Finally, on the bus side, the total output current of the IPOS PPC
ows also can be expressed igs= Slox. Using the voltage applied on the input and output

of the IPOS PPC, the processed partial power at the IPOS PPC can be written as follows:

Pox = Vbexlpx = Vpxlox (2.12)
whereRy is the partial power processed on the DC-DC converters.

Using (2.12), the energy conservation of input and output of the whole system can be ex-
pressed as:
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Vbexlpex = Voex(lpx + lox) = Vpxlox+ Vbexlox = Vobud ox (2.13)

The voltage and current relationship between the input and output of the IPOS PPC can
be visualized by the VA area model that depicted in Fig. 2.20 (b). The VA area model of
IPOS PPC shows the KCL on the parallel node at the input, whgrés formed by the
subtraction betweelpcy andlpx. The gure also shows that the sumdfcy andV yields

Vhus This means that the IPOS PPC is suitable for the application Wiagse< Vpus (Boost
applications). The relationship between the processed power of the IPOS PPC and the input-
output power can be written as follows:

YDCxle{E Vpx'O}< < YDCX'DC){Z: Vbus|O}< (2.14)

processed power on the IPOS PPC System power

Equation (2.14) shows that the processed power on the IPOS PPC is lower than the input-
output power. Therefore, the IPOS PPC can use the devices with a lower power rating,
resulting in reducing the size of the IPOS PPC. Finally, the rest of the power which is not
processed on the IPOS PPC can be written as:

Pair = Vbexlpex Vbexlpx = Vbexlox (2.15)

wherePy; is the unprocessed power which is the power directly bypassed Y thithout
the power processing by the IPOS PPC.

Figure 2.21: Input series-Output parallel partial power converter (ISOP PPC): (a) schematics
and (b) VA area model.

Another PPC topology called input series output parallel partial power converter (ISOP PPC)
is depicted in Fig. 2.21 (a). The DC-DC converter of the ISOP PPC is also built by the
isolated converter topology which delivers the power from the input to output as the same
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manner of IPOS PPC. The ISOP PPC has symmetrical topology compared to the IPOS PPC
where the converter has series connection between the DC inputs, and the parallel node on
the output which connected to the negative port of the input. The voltage-current relationship
at the parallel node of the ISOP PPC can be expressed as:

Vous= Vbcx  Vpx (2.16)

lox = lpcx+ lpx

On the input side of the ISOP PP, is applied with processing full input currelicy. On
the bus side, the partial currey is processed with the full bus voltayk,s Eventually, the
Pox processed on the single ISOP PPC can be expressed as follows:

Pox = Vpxlpex = Voud px (2.17)

The equation shows that the partial power on the input side is achieved by processing partial
voltage-full current, and on the inverter bus side can be achieved by processing full voltage-
partial current. Using (2.17), the energy conservation of the input and output of the ISOP
applied system also can be written as follows:

Vbudox = VbudIpx+ Ipcx) = Vpxlpex + Veudbex = Vbexlox (2.18)

The voltage and current relationship between the input and output of the ISOP PPC can be
visualized by the VA area model that depicted in Fig. 2.21 (b). The VA area model shows
the voltage and current ow of the ISOP PPC has the symmetric characteristic compared to
the IPOS PPC which also means that the ISOP PPC is optimal for the buck applications.
The relationship of the processed power on the ISOP PPC and the input-output power can be
written as follows:

prchXé Vbus'p}< < YDCX'DC){Z: Vbus|O}< (2.19)

processed power on the ISOP PPC System power

Equation (2.19) also shows that the processed power on the ISOP PPC is lower than the
input-output power. Therefore, the ISOP PPC can use decreased power rating devices which
yield the decrease of the converter size. Finally, the unprocessed Pgwesin be written

as:

Pair = Voexlpex Vplpex = Vbudbex (2.20)

Comparison of the PPP architectures

The comparison of the PPP architectures are shown in Table. 2.2. In the tabépre-
sents the number of DC inputs antrepresents the number of series connected DC-DC
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Table 2.2: Comparison of PPP architectures

Architecture Transformer\ Vaux \ Switches\ P (p.u.)\ cost\ size\

DPC X X 2n i 0.15 - +
FRPC X n 2n 0.25 - -
PPC n X 8n 0.3 + -

converters of the DPC architecture. Firstly, comparing the transformer requirements, the
PPC architecture always requires one transformer for each DC input. On the other hand, the
DPC and FRPC architectures don't require the transformers. However, the FRPC requires
n-number of auxiliary DC sources to build the architecture while the other architectures do
not. The use of auxiliary DC sources has greater chance of increasing the costs, voltage,
and reducing the reliability of the architecture. When comparing the number of switches,
the DPC has the highest number of switches becansmber of converters have to be used

in order to build the single DPC. Therefore, the DPCs neaed 2f switches fom number

of inputs. The PPC need#s 8witches to build the architecture for n-number of inputs. The
power processed by the DC-DC converters of each PPP architectures can be compared. Set-
ting the base power as the input power, the DPC can process 15 % of the total power, which
Is the lowest power processing compared to the other architectures. Due to the low power
processing capability, DPC can have the smallest size compared to the other architectures.
However, using too many devices can increase the costs of the DPCs. The FRPC architecture
can process 25 % of the input power. Even though FRPC has the PPP capability, the use of
Vaux, for each input has a large impact on increasing the costs and volume of the overall ar-
chitecture. Hence, the FRPC architecture is the least advantageous architecture compared to
the others. On the other hand, the PPC has 30 % of the PPP capability, which is higher than
that of DPC and FRPC. The reduced rating switches and transformer can give the advantage
on the cost. However, the use of n-number of transformers can increase the volume of the
architecture compared to DPC.

Figure 2.22: Ef ciency comparison of the state of the art PPP architectures. (Only the most
relevant publications that provide experimental data are included.).
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The ef ciency of the architectures that recently studied is compared from the literature re-
view, in order to check the highest ef ciency that prior PPP architecture studies reached. The
results of the most relevant prior art studies in the few kW range are plotted in Fig. 2.22,
where the ef ciency is proven by the experiments. The target power versus ef ciésty) (

of this study is highlighted in red color. The FRPC of [68] achieved the highest ef ciency,
which is 99 % with a 10 kW prototype. Compared to [68], the PPC studies of [82] and [84]
have slightly lower ef ciencies, achieving 98.5 % with 6.5 kW prototype. The target of this
study is to achieve the ef ciency > 98.5 % with the rated power of a prototype higher than
6.5 kW.

2.3 Summary

In this chapter the comparison of the PLL and self-synchronization is performed to choose
the optimum synchronization method for the inverter applied to the smart home. The anal-
ysis and experimental results show that the stability of the PLL can be limited by current
amplitude (), Iter inductance (), and its bandwidthfgy). On the other hand, the stabil-

ity of the self-synchronization is not limited by, L, and fgw. Hence, self-synchronization

Is chosen for the grid synchronization method which is more robust than the PLL.

The DC-DC converter stage has different power processing architectures. The full power
processing (FPP) DC-DC converters are the most widely used conventional power processing
architecture in industry. The FPP converters process all the power from the DC inputs and
delivers it to the inverter side DC bus. One method to build an FPP architecture for the
smart home is to use multiple numbers of converters that connected to the inverter DC bus.
Using this strategy, the DC-DC converters can be designed to carry out desired function for
each DC input. The other method is to use multi-port FPP converters that use multi-winding
transformer. The use of multi-port FPP can provide high modularity by using the same
converter topology for the all DC inputs.

The partial power processing (PPP) architecture is another power processing architecture
that can process reduced power compared to the FPP. By processing the partial power from
the DC inputs, the ef ciency of the DC-DC stage can be improved compared to FPP. There
are three possible architectures that are optimal for smart home applications: i) DPC, ii)
FRPC, iii) PPC. The PPP architectures are compared in a table to compare the advantages
and limitations of each architecture. Furthermore, the ef ciency of the most relative recent
studies are plotted in the graph to set the benchmark of this study.

From the next section, a novel multi-port PPC architecture is proposed. Based on Table. 2.2
and Fig. 2.22, a multi-port converter architecture can have the high ef ciency with the low
cost by using PPC. The key idea of the proposed architecture are: i) achieve ef ciency higher
than 98.5 %, ii) make cost ef cient architecture by using the partial power rated passive and
active power electronics components, and iii) to improve the power density compared to the
prior art PPCs.
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3 Multi-port partial power converter architecture
development

The general schematic of the proposed multi-port PPC architecture for the smart home ap-
plications is shown in Fig. 3.1. The aim of the proposed architecture is to achieve higher
ef ciency with the reduced power density and costs compared to the benchmarks in the tar-
getP=h region. The proposed architecture uses the multi-port PPC with the single partial
power rated DC transformer to build the multi-port converter architecture for the smart home
applications. The isolation on the DC transformer stage can limit the power between the
DC input and bus during the fault similar as the isolation of the conventional FPCs. On the
DC input side Vpcxjx=1:2: :n) Of the proposed multi-port PPC, multiple partial power rated
converters control the target current of the DC inputs. The DC input power can be written as
follows:

SPocx = SVbexlbex (3.1)

wherePycy is the DC input power on each porig;cy is the DC input voltage, anighcy the
DC input current.

Figure 3.1: Architecture of the proposed novel multi-port PPC.

The inverter DC bus side power which is the output power of the system can be obtained as
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follows:
Pous= Vbudbus= Vbus(Slbcx Ip) (3.2)

where R,ys is the inverter DC bus power of multi-port PP, is the inverter side DC
bus voltage)yys is the inverter side DC bus current, ahgis the RMS current on the DC
transformer.

The power of the multi-port PPC should satisfy the energy conservation principle which
is SPhcx = Phus The input/output power relationship of the proposed architecture can be
expressed as follows:

SVbexlpex = Vous(Slpex |p) = VousSloex  Voudp (3.3)

Equation (3.3) shows that energy conservation can be achieved through the partial power
ow at the DC transformer by processing. Reorganizing the equation with respect to the
partial poweMy,dp, the equation can be written as follows:

Po = Voudp = VbusSlpex  SVbexlbex (3.4)
whereR, is the partial power that multi-port PPC processes.

The partial power rated converters those are connected in parallel to the partial M bus
Therefore, the power rating of the converters connected in paraNglatso can be written
as follows:

Po = VpSDxlpex = Voudp (3.5)

whereDy is the duty cycle of the converters that connected in parallé) td&quation (3.5)
shows that the partial power of the PVCs can be achieved with processing partial voltage full
current, and the DC transformer can be achieve by processing full voltage partial current.

The partial current can be derived from (3.4) as:

SVbexlpex
lp= Sl — 3.6
P DCx Vous (3.6)
Putting (3.5) in (3.4), the equation can be reorganized as follows:
VbusSIpex = SVbexlpex + SDxVplbex (3.7)

Solving (3.7), the voltage relationship betweagéps andVpcx can be obtained as:

Vbus= Vbcx+ DxVp (3.8)
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The unprocessed power can be obtained by averaging the subtraction between DC input
power and input processed pow&Pcx andPy,), and inverter side power and inverter side
processed poweR,s andFRy). The rest of the powerR;;) which is not processed by the
converter can be calculated as:

SVbocxlpex  SDxVplpex + Vbudbus  Vbudp _
2

Pair = busSVbex (3.9)
Applying the VA area model to (3.1)—(3.9), the total input/output power and the partial in-
put/output power can be visualized as shown in Fig. 3.2. The VA area model clearly shows
that the partial poweF, is processed by the converter. Therefore, the size of the converter
can be reduced by using partial power magnetic and semiconductor components.

Figure 3.2: Volt-ampere (VA) are model of the proposed PPC.

The power processed by the parallel converteig,toan be achieved by processing the full
current partial voltage owing td,. To keep the nomenclature simple, the converters parallel
to Vp andVpcy are called partial voltage allowed converters (PVCs).

BetweenV,, and the inverter side DC bu¥i,s) there is a partial power DC transformer. The

DC transformer control¥, and also exchanges the partial power betwégg andVpcy.

The partial power at the DC transformer can be expressed in the same way as (3.4). From
the equation, it can be seen that the DC converter can achieve Partial Power Processing (PPP)
by processing the partial current to full voltage.

The advantages of the proposed concept are: i) the multi-port PPC can improve ef ciency
by processing partial power, ii) it is possible to reduce the size of the transformer by using
partial rated power, and iii) the active and passive devices that have the partial rated voltage
and current can be used.

There are several topology options for the PVCs and the DC transformer. The PVCs have
three topology options: i) Boost type, ii) Buck type and iii) Buck-boost type. In addition, the
DC transformer has two topology options: i) dual active bridge (DAB) and ii) series resonant
converter (SRC). The behavior and characteristics of the PVCs and DC transformers can be
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modi ed by selecting the different topology options. The optimal topology selection for each
PVC and DC converter for a multi-port PPC is rst discussed in this section. The purpose of
the proposed multi-port PPC is to: a) use minimum passive element size by using a partial
power rating, b) maximize ef ciency. The choice of topology is made to achieve objectives
a) and b).

3.1 Description of the target speci cation

Firstly, the operating point of the multi-port PPC should be decided. One of the key functions
of the multi-port PPC is to harvest the power from the PV strings, which is the connection of
multiple PV panels. The power from the PV is harvested by measuring a maximum power
point tacking (MPPT) algorithm. In Table. 3.1, the voltage and current levels of commercial
PV panels are organized. The open circuit voltage of PV palgd i€ in the range of 37

V. Voc 48V and the MPPT voltage/fpp) of commercial PV panels is in the range of
34V  Vmpp 41 V. For the study, the residential PV inverter is assumed to be connected
to 8 to 10 series PV panels on the roof. The target voltage level of the PV panels is in the
range of 330V Vmpp 400V at full irradiation. The nominal input voltage chosen for the
study isVpcx =360 V, which considers 10 PV panels connected in series. The target nominal
DC input power Bpcx) is chosen as 4 kW. Considering the average MPP curtgpf)( the
nominal input current can be chosenlggy =11 A.

The selection of the partial voltagg is one of the most important factors in determining
the amount of power to be processed by the multi-port PPC, and also in determining the
power processing range of the proposed multi-port PPC. The input DC voltage range of the
multi-port PPC can be written as follows:

Vbus Vp VDCx Vbus (3-10)

Based on (3.10), the maximum input voltage can be tracked Mg tcand the minimum

input voltage tracking range is determined by subtractipg from V,. The inverter side

DC bus voltage of the multi-port PPC is setMigs= 400 V. Therefore, the minimum input
voltage range can be determined by selecting the partial volkage

In Fig. 3.3, the p.u. date of PV voltage and power data based on a full power residential
PV inverter is plotted. The data is measured from 6:00 to 20:00 for 27 days. Assuming the
base power is 4 kW and, s is 400 V, the partial voltage condition can be chosen from the
p.u. analysis of PV voltage and power data. In Fig. 3.3 (a)Mhe Vpv (WhereVp, is

the PV voltage) measurement data is plotted. In the morning from 6:00 to 7:00, the range
of voltage gap olys Vpv is between 0.25 to 1 p.u. where the range of absolute value is
100 V< Vous Vpv 250 V. To satisfy the condition in (3.10), the proposed multi-port PPC
needsv, 250 V to perform MPPT in the early morning between 6:00 and 7:00. On the
other hand, the voltage gaf,s Vpv less than 0.25 p.u. can be observed during the daytime
between 08:00 and 18:00 which absolute valugig Vpy < 100 V. This means that the
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maximum power point (MPP) can be tracked with 100 V between 08:00 and 18:00.
After 19:00,Vius Vpv is again between 0.25t0 1 p.u (160Whys Vpy 250 V), which
requiresvp, 250 V to achieve MPPT in multi-port PPC.

To choose speci c voltage of,, the measured data of the PV energy production for 27 days

is also analyzed in Fig. 3.3 (b). In the early morning between 6:00 and 7:00 and in the
evening between 19:00 and 20:00, almost no energy is produced. In between these times
a small amount of energy is produced by the PV. As discussed earlier, the absolute value
of Vp needs to be 250 V to perform MPPT in the morning and evening. However, the time
period from 6:00 to 7:00 and from 19:00 to 20:00 can be neglected, because the PV energy
production is almost 0. The main PV energy production occurs during the day between 8:00
and 18:00. MPPT can be performed between 8:00 and 18:004yith100 V. Therefore, the

time between 8:00 and 18:00 is chosen as the target operation period, when most of the PV
energy is generated. In this study, the target partial voltage for the multi-port PPC is chosen
asVp = 150 V. Using (3.10), the voltage of the PV 400 V down to 250 V which is almost
40% of the voltage range of PV curve, can be tracked with 15Q.V

The overall speci cation for the proposed multi-port PPC is shown in Table. 3.2. Following
(3.10), the input DC voltage range of 250 Wpcyx 400V can be tracked with the selected
Vp = 150 V. Furthermore, using (3.4) and (3.5), the nominal partial pdy@f single port

can be calculated @ = 1.5 kW for each 4 kW rated DC inputs. Therefore rated power of
the system can be written as KW wheren is the number of input ports.

The rated voltage and current data for commercial silicon IGBT and MOSFET devices are
shown in Fig. 3.4. The optimal semiconductor device should be selected to handle the
voltages ol = 150 V andvy,s= 400 V, and the rated currelicy and partial current. In

the gure, most IGBTs are manufactured for the rated voltage higher than 400 V. In order to
operate the switches for the PVC voltage= 150 V with the rated currenpcyx = 11 A, the
semiconductor device should be selected in the range of 250 V to 300 V, taking into account
the voltage margin. Therefore, a low voltage MOSFET with a voltage and current rating of
300V, 16 A is selected for the PVC. The low voltage side of the DC converter also $hares

so the same MOSFET is selected for the voltage side switching device of the DC converter.
The high voltage side of the DC Converter should handle the full bus voligge 400 V

with the partial current,. To handle the 400 V bus voltage, the rated voltage of the switches
should be 650 V, taking into account the voltage margin. The maximum RMS valye-of

7.5 A, calculated using (3.4). The rated currdpfd) can be chosen in the range between 8

A lae 15 A, taking into account the current margin. Tlhage of the 650 V level IGBT

IS lrate> 20 A which rating is above the targeted range. Therefore, a 650 V MOSFET with
lrate= 16 A is selected for the high voltage side of the DC-DC converter stage switching
device. In addition, the type of gate driver can be uni ed by unifying the type of switching
devices (MOSFET) for the multi-port PPC. The detailed information of the devices is shown
in Table. 3.3.
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Table 3.1: Data of commercial PV panel

Model Manufacturer| Ve Vinpp lsc lmpp | Phnpp |
CHSM60M PENTA+ 40.75V | 3398V | 11.35A| 10.98 A| 370 W
JKM385M-72H Jinko Solar | 48.10V | 39.50V | 10.08 A| 9.76 A | 385 W
JKM390M-72H Jinko Solar | 48.14V | 39.62V | 10.17A| 9.84A | 390 W
JKM400M-72H Jinko Solar | 48.35V | 39.83V | 10.23A| 9.92A | 400 W
YLM-J 108 Yingli Solar | 37.17 | 30.80V| 13.15A| 10.52A| 405 W
Tiger60TR Jinko Solar | 42.67V| 35.02V| 11.29 A| 10.71 A| 350 W
TSM-395 VertexS | 40.40V| 33.40V| 12.00A| 11.38 A| 395 W
RSM40-8-390M Risen Solar | 40.69V | 33.88V| 12.21 A| 11.52 A| 390 W
Tiger66TR Jinko Solar | 43.75V | 36.49V| 11.39 A| 10.69 A| 390 W
LNMH120 LINUO 4177V | 34.43V | 11.61A| 11.06 A| 380 W
CP17-60H HANERSUN | 41.60V| 34.40V | 11.45A| 10.89 A| 375 W
SL5M108 SunLink 37.05V | 31.01V| 13.79A| 1290A| 400 W
TSM-DEO8M.08 Trinasolar | 41.90V | 34.70V| 11.52 A| 10.96 A| 380 W
AU-120MH AustaEnergy| 41.30V | 34.80V| 11.69 A| 10.92A| 380 W
PNG-120M Solarclip | 41.30V|34.80V| 11.69A| 10.92A| 380 W
Meyerburger380 | Meyer Burger| 44.70V | 38.70V | 10.90 A| 10.30 A | 395 W
RSM144-7-435M Risen Solar | 49.40V | 41.05V| 11.20A| 10.60A | 435 W
JAM54S30 JA Solar | 37.07V|31.01V| 13.79A| 1290A | 400 W
AS-6M120-HC Amerisolar | 42.00V | 35.00V| 11.44A| 10.86 A| 380 W
BSM440PMB7-46SC BluesunSolar| 41.60V | 3450V | 1292 A| 12.89 A| 420 W
EPP380-120M EPP Solar | 41.68V| 34.30V| 11.65A| 11.08 A| 380 W
JAM60D20 JA Solar |41.68V|34.82V|11.58A| 11.06 A| 385W
BVM6610M boviet 4170V | 3520V | 11.92A| 11.09A | 390 W
HEX5-182 BluesunSolar| 37.25V | 31.24V | 13.86 A| 12.97 A| 405 W
TSM-405 VertexS | 4140V | 34.40V | 12.34A| 11.77 A| 405 W
JAM60S20 JA Solar |42.07V|35.62V| 11.63A| 11.09A| 395W
EPP400-180M10 EPP Solar | 36.93V| 30.83V | 13.76 A| 12.98 A| 400 W
RSM40-8-405MB Risen Solar | 41.60V | 34.64V | 1240A| 11.70 A| 405 W
BVM7609M boviet 37.00VvV| 31.05V| 13.78 A| 12.89 A| 400 W
CP17-60H HANERSUN | 41.60V| 3440V | 11.45A| 10.89 A| 375 W
TSM-435 Vertex S 50.60V| 42.00V| 10.86 A| 10.36 A| 435W
TSM-415 VertexS | 49.40V| 41.00V| 10.64A| 10.11 A| 415W

34
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Figure 3.3: Commercial residential full power PV inverter data measurement: (a) Inverter
bus side and input PV voltage differend(s Vpv) and (b) PV power tracking
results Byy).
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Figure 3.4: Rated voltage and current of commercial Silicon IGBT and MOSFET.

Table 3.2: Target speci cation of the proposed multi-port PPC

Targets | Symbol| Value | Unit |
Nominal DC input power| Ppcx 4 kwW
Nominal DC input voltage Vpcx 360 | V
Nominal DC input current  Ipcx 11 A

Bus \Voltage Vbus 400 \Y
Partial Voltage Vo 150 | V
Rated Power P ate 4n kW
Partial Power P 1.5 | kW

Table 3.3: Key data of the selected switching devcies

| Symbol | BSC430N25NSFD IPB65R110CDF

Break down voltage VB 650V 250V
Rated drain current ldate 16 A 20 A
On state resistance | Rys, 110 MW 43 mw

Gate charge Qg 118 nC 13nC
Pulse current IDpuise 99.6 A 144 A
Commutation speed | di=dt 900 Alus 1500 A/us
Reverse recovery charge Qy 0.8 uC 227 pC
Reverse recovery time|  t 150 ns 96 nS
Thermal resistance Ric 0.6 K/W 0.77 KIW
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3.2 Partial voltage converter topology selection

There are three different topologies for the multi-port PPC according to the topology of the
parallel converters t&, as shown in Fig. 3.5: i) Boost type (Fig. 3.5 (a)), ii) Buck type
(Fig. 3.5 (b)), iii) Buck-boost type (Fig. 3.5 (c)). The PVCs are highlighted in the gure
with a blue box. The boost and buck PVCs are half bridge based topologies. The buck-boost
type PVC is a full-bridge based topology. To select the optimum topology for the PVC, the
voltage relationship and behavior of each topology option should be accessed. Additionally,
the advantage of each topology option should be also compared.

3.2.1 Boost type

The equivalent circuit of the boost type PVC topology option is shown in Fig. 3.5 (a).
Due to the equivalent behavior of PVCs, single port analysis can represent all PVCs. The
boost type PVC is formed by the multiple half bridge (HB) legs, which are the top switches
Sxix=1:2 :nand the bottom switch&$,. The HB legs are connected in parallel to the partial
voltage capacitor®,). The positive node o, is connected td,,s and injectsSigy into the
inverter side DC bus. The switching & and S« forces the current to the Iter inductor

(fo)-

The switching states of the boost type topology option are highlighted in Fig. 3.6 (a). In order
to analyze the behavior of the boost type PVC, the switching states of the boost type option
and the inductor voltages should be examined. The switching states and inductor voltages
are shown in Table. 3.4. THgx and S« switch in a complementary manner. Wh&g is

on, it is bypassed directly t¥,,s throughSyx. WhenSy, is on, iy ows on S and to the
negative node of,. The amplitude of the inductor voltage rippleM +¢) can be calculated

by subtractind/  from the bypass stat¥ffcx Vbug) to the negative stat®ficx+ Vp  Vhus)-

The result of the calculation BV = V.

Table 3.4: Boost type PVC switching states
] Sx \ Sox \ Inductor Voltage Vi x) \ States

1 0 Vbex  Vbus Bypass
0 1 Vbext Vo Vous Negative

The waveform of the switching signal, inductor voltages{) and inductor currentiy) is

shown in Fig. 3.6 (b). As mentioned in Table. 3.4, the switcGgsand S,x are comple-
mentary. The switching causes a voltage chailyer = Vp) across the Iter inductorl(y).
Therefore, considering the voltage-second balance of the inductor current, the inductor cur-
rent ripple Dit) can be calculated:

(Mbex+t Vo Vious)
Dy, = 3.11
x 0:5L¢ s (3.11)
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Figure 3.5: PVC topology options: (a) Boost type, (b) Buck type, and (c) Buck-boost type.
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Figure 3.6: Boost type PVC: (a) schematics and (b) switching signal, inductor voltage, and
inductor current ripple.
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whereDyjx=1:2: :n iS the duty cycle of the PVC ané is the switching frequency of the
PVC.

The bus voltage can be formed frofgcy andVp. The relationship can be derived from the
average voltage relationship of the PVC as follows:

Vous= Vbex+ DxVp (3.12)

In the identity equation of (3.12), the sumdfcx andDV, results inVys. The duty cycle
should beD 0. Therefore, the voltage relatidfhcx  Vpus iS always true. The voltage
relation therefore proves that the PVC topology of Fig. 3.6 (a) is optimal for the boost mode
applications wher¥pcx  Vous

3.2.2 Buck type

The buck type PVC topology option is shown in Fig. 3.5 (b). The buck-type PVC is also
constructed by the multiple half bridge (HB) legs®f andS,x. The HB legs are connected

in parallel toC,. The main difference with boost type PVC is that the negative no@g of
connected t&Vp,s

The switching states of the buck type PVC are highlighted in Fig. 3.7 (a). The switching
of Sx and S of the buck type PVC is also complementary. The switching states of the
buck type PVC and the inductor voltages are shown in the table. 3.5. \Bhénon, i

ows through Sx and the positive node @,. WhenS,y is on, i is bypassed directly to
Vhus throughS,x. The amplitude of the inductor voltage rippIEM_+x) can be calculated by
subtracting/; t from the bypassed statéfcx Vb t0 the negative stat®fcx+ Vp  Vous).-

The result of the calculation @V, ¢ = Vp.

Table 3.5: Buck type PVC switching states
] Sx \ Sox \ Inductor Voltage Vix) \ States \

1|0 Vocx Vo Vhous Positive

The waveform of the switching signal, inductor voltages{) and inductor currentiy) is
shown in Fig. 3.7 (b). As mentioned in the table. 3.5, the swit@eand S, switch in a
complementary way. The switching causes a voltage chdMe (= Vp) across the Iter
inductor (¢x). Therefore, considering the voltage-second balance of the inductor current,
the inductor current ripplelitc) can be calculated:

\Y, DV, W
Digg = (72O Do Voud (3.13)
fo fs
whereDyjx=1.2. :n iS the duty cycle of the PVC ané is the switching frequency of the

PVC.
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Figure 3.7: Buck type PVC: (a) schematics and (b) switching signal, inductor voltage, and
inductor current ripple.

The bus voltage can be formedYycx andV,. The relation can be derived from the average
voltage relation of the PVC as follows:

Vbus= Vbcx Dpr (3.14)

In the identity equation (3.14), the subtraction®iV, from Vpcy givesVyys The duty cycle
should beD 0. Therefore, the voltage relatidfhcx  Vous iS always true. The voltage
relation therefore proves that the PVC topology of Fig. 3.7 (b) is optimal for the buck mode
applications wher¥pcx  Vous

3.2.3 Buck-boost type

The buck-boost type PVC is shown in Fig. 3.5 (c). The buck-boost type PVC consists of a
full-bridge (FB) leg with four switchesSx, Sox, . and%(). The FB legs are connected in

parallel toC,.

The switching states of the buck-boost type PVC are highlighted in Fig. 3.8 (a). The switch-
ing of S, Sox, %, S, forces the curreniy into L. The buck-boost type PVC can have
four different switching states as shown in the gure. WigpandS), are on,is, can be
bypassed directly to,s If Sx andsgX are on,isy ows through the positive node d,. If

Sox Sg( are on,ir, ows through the negative node @,. If Sy, %( are on,iz is directly
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Figure 3.8: Buck-boost type PVC: (a) schematics and (b) switching signal, inductor voltage,
and inductor current ripple.
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