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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

AX Differential value

X RMS value

Xpeak Peak value

Superscripts

* Reference value

! Value without control action
Subscripts

DCx DC input related

bus Inverter side DC bus related

p Partial power related

grid Grid related

a, 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

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

D e b
g =

Phase output of synchronization block
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VI

Iy
Rps,,

Qg

IDpulse

di/dt
Orr

lir

rate

ifx
! !
Stx, Stx’ be, be

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 xh |x=1,... » fractional power converter
Output current of x*" |x=1,... » 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
Switch sets of the PVC legs
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fr

Srtx> Stbx
Voo’

VIN

(N

Cth ’ Cth

Drain current of the switching device
Conduction losses of the semiconductor
Switching losses of the semiconductor
Gate driver output voltage

Voltage applied to drain

Drain-Source voltage

Gate-Source voltage

Gate resistor

Gate current

Gate-Sources capacitor

Gate-Drain capacitor

Drain-Sources capacitor

Gate threshold voltage

Gate plateau voltage

Switch voltage rising time

Switch voltage falling time

Drain current rising time

Drain current falling time

Processed power on DC transformer
Primary side voltage of DC transformer
Secondary side voltage of DC transformer
DAB converter current

First peak of DAB converter current
Second peak of DAB converter current
DAB converter leakage inductance
Transformer turns ratio

Phase shift angle of DAB converter
Number of DC input ports

Number of DC inputs

Inverter side resonant current

Inverter side resonant inductance

Inverter side resonant capacitance

Inverter side magnetizing inductance
Partial voltage side resonant current

Partial voltage side resonant inductance
Partial voltage side resonant capacitance
Partial voltage side magnetizing inductance
Resonant current

Switch sets of DBSRC legs

Voltage between neutral points of DBSRC legs
General representation of DC input voltage representation of DBSRC legs
General representation of DC input capacitor of DBSRC legs
General representation of top-bottom split DC input capacitor of DBSRC legs
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P core

KCOI'C& aa ﬁ
B

Rfo

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 coefficient

Volume of capacitor

Capacitor volume coefficient

Inductor core losses

Stein-Metz coefficient

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 between v, and vy

Equivalent AC load of DHBSRC

Gain function of DHBSRC

Reactance

Inductor turns ratio
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IX

AT
ka’ kCa kW

ku
Ky
le

> >
[¢) [¢)]

Quality factor

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

resistivity of copper

Temperature rise

Dimensionless constant coefficient
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 (=4710e —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 coefficient

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

Rua Heatsink to ambient losses
T, Ambient temperature

Ans Heatsink volume

W Heatsink weight

Ag 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

PI 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

ZVS Zero voltage switching

DBSRC Dual bridge series resonant converter
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XI

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
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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 efficiency 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 efficient 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 efficiency 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 efficiency 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 efficiency 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 first research target is to propose a novel PPC architecture and optimize its topology
in order to find 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 specified 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
efficiency, 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 111: 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 efficiency 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 efficiency will be measured using the power analyzer and compared
with the estimated efficiency.
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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 briefly 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 efficiency 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 efficiencies of the most related
articles are also compared to benchmark the peak efficiencies 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
first stage, which is called the partial voltage converter stage, of the proposed architecture
is selected by finding 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 finding 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 significant
impact on the losses of the converter. Therefore, the power processing characteristics of
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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
efficiency 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 PV," in IEEE Journal of
Emerging and Selected Topics in Power Electronics, vol. 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 applications," in IEEE Transactions on Power Electronics,
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 Asia), 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 Inverter," in 2020 In-
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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-sufficient 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: 1) 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 specified based on the comparisons of the state of art multi-port architectures.

2.1 DC-AC converter stage control

<
Inverter | Veid
PWM Control | Lera

Figure 2.2: inverter configuration 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 configuration 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 first 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

[nverter Control

1

: ® 2 :

i Sync or .

! Vi 1

| 1
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! h . 1
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el o

: | : f,r'qu. Iq

1

1
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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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o3 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 voltage (vpec). Another method is using a self-synchronization
by obtaining the grid voltage information (e) 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 first is 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

I
I
]
+ - | Vgn'd
0T T [ e e
1 |
]

___________________

i, |i% g~ | Current | | PWM | ¥ |Inverter i,
Jap| -x | Control Delay | (Plant)
aff
iu|l ﬂbC

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 voltage (vgria) and the input reference
currents (i:‘iq). 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 = Ze/™ | then the relationships of the voltages on the stationary frame in Fig. 2.2 can be
written as follows:

di -
Vn :LE-i-Vgﬁd = jwoLi 2.1)

where L is the filter inductance of the inverter, vy, (c.f. Fig. 2.2), vgiq, i are the vectors of the
inverter leg voltage, the grid voltage, and the inverter filter current respectively.

In order to control the stationary frame currents (iyg), the resonant control should be em-
ployed for the inverter. The v;, of the resonant control applied system can be obtained as:

— krs 2 - krs . -
va(s) = <k +s2+w2> (igp — lap) & s2+w§(laﬁ —igp) (2.2)

where k;, and k; are the proportional and resonant gains, @ is the resonant frequency, iy, B is

the reference stationary frame currents.

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

ks 2 . -
m(aﬁ igp) — j@oLyi (2.3)

Vgrid(s) ~eqp =
(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 influenced 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.

Vgn d

1
1
1
1
1
1
!
YouL Y I Y, : Vice
1
1
1
1
1
1
1
1

_____________________ a4

Conventional-PLL  Self-synchronization

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 figure, Y; is the admittance from vgq to i without
considering the PLL unit, and Ypr 1 is the impedance that only caused by the PLL (the loop
from vgig to PLL and then to 7, as shown in Fig. 2.5) in the conventional PLL based inverter.
Y and Ypr . are denoted as the inverter admittance and PLL admittance respectively. Y is
the output admittance of the self-synchronizing inverter. Y4 is the grid admittance. As dis-
cussed earlier, the total output impedance of the conventional PLL based inverter is equal to
parallel admittance of ¥; and Ypr . Based on Fig. 2.7, the interaction caused by impedance
can be expressed as:

Ygrid
Y1+ Y2+ YpLL + Yerid

Vpec (S) = (igrid —i]— i2>(Yl +Y2+YpLL + Ygrid) + Verid 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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Yiotp;, = Y1 +YpLL

(2.5)
Ytot Y2

sel f =

As explained earlier, the admittance of the PLL which is Ypy is derived from the loop be-
tween v, and 6. Hence, based on (2.3), the parameter of the grid side filter 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 inverter Y>.

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 filter inductance L = 8
mH and the current amplitude I, = 5 A. The system poles move to the right half plane and
cross the imaginary axis by increasing the PLL bandwidth fgw, 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 of L variation on the roots of the conventional PLL based inverter is plotted. To see
the impact of L change, the PLL bandwidth fgw = 600 Hz and the amplitude of the current
reference I,, = 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 parameter of L can 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 bandwidth fgw = 600 Hz, the
filter inductance L — 8 mH. The I, is increased from 1 A to 11 A and it is shown that the
I,, 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 of fgw, L, and I, must be considered for the system stability.

Root Locus Root Locus Root Locus
T
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— % 5 N Saia| % ®
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Figure 2.8: Root Locus of the conventional PLL based system under (a) PLL bandwidth
variation (L = 8 mH and ,, = 5 A), (b) filter inductance variation (fgw = 600
Hz and I, =5 A), and (c) current reference variation (fgw = 600 Hz and L = 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 and I, =5 A), (b) filter inductance variation ( fgw = 600 Hz and
I, =5 A), and (c) current reference variation (fgw = 600 Hz and L = 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) shows fgw 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 impact of L variation 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). Finally, I, neither 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 figure shows that the conventional PLL based inverters does not have any phase
margin. Hence, the PLL based inverter can be unstable when fgw = 600 Hz, L = 8 mH and
I, = 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 fsw, L, and Iy, 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 Verid 50 \Y
Grid frequency Serid 50 Hz
Grid inductance Lgrid 5.6 mH
Rated power Prated 4 kW
Switching frequency finv 10 | kHz
Filter inductance L 8 mH
Filter capacitance C 5 uF
PLL Bandwidth fBW 600 | Hz

Proportional gain of current kp 15 -

Resonant gain of current ky 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 high fgw and Zr. 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 when fgw = 600 Hz. The experimental results show that
the injected grid currents and voltages are distorted at high fgw. 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 filter, 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 analysis, fgw change
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 the fgw = 600 Hz. The experimental results also
proves that the stability of self-synchronizing inverter is not affected by the fgw, 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 flow diagram and the volt-ampere (VA) area model are shown in Fig. 2.13.

The power flow 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 expressed as XPpcx = Py, the relationship can
be reorganized as:
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Figure 2.13: Power processing nature of full power processing (FPP) architectures: (a) power
flow diagram and (b) VA area model.

ZVDCxIDCx = VbusIbus (2-6)

The equation shows that the total power of the DC input (XPpcy) 1s processed by the DC-DC
converters and delivered to the output. Therefore, in order to build the DC-DC converter that
processes XPpcx, 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 figure, the losses (A g) of FPCs are
caused by the DC-DC converters processing XPpcx.

The first 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 (Vpcx). 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 figure, a multi-winding high frequency transformer
(HFT) is used between the AC-DC and DC-AC converters on Vs and Vpcx 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 from Vs to Vpcx or from Vpcey to Vpex. For example, @
the power generated by the PVs can be fed into the Vg 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 flow 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 figured 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 flow diagram.

The power flow diagram in Fig. 2.16 shows that the DC-DC converters in the PPP architec-
ture process only the target partial power (F). In the figure, the DC-DC converter processes
P, which is a part of Ppcx. The rest of the power Py;; is called a direct power (Py;;) which is
not processed by the DC-DC converter, and bypasses directly to Vyus. The power flow 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 efficiency, 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

(PLp).



2 Power converters in the smart home application 20

Residential

Storage

DC inputs
(Input ports)

Multi-port DC-DC FPC

I/bus

Inverter DC bus
(Output port)

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

Z PDCx

B

Biir

DC-DC
Converter

Py

Figure 2.16: Power flow diagram of partial power processing (PPP) architectures.
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In addition, the energy conservation equation of the PPP can be expressed by using the
relationship in the diagram as:

ZPDCX = Fair + Pp = Pous (2.7)

Considering the ideal power processing that ignores the losses, Fig. 2.16 and (2.7) shows that
the energy conservation between Ppcx and By of the PPP can be achieved by the summation
of Pyir and F.

PPP architecture
PPC
Topology DPC FRPC
IPOS ISOP
EV charging EV charging
Applications PV PV PV
Residential Residential
Storage Storage

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

The different types of the PPP architectures have been actively researched to improve the
efficiency 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: 1) 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 voltage Vpc of the DPCs is separated by the multiple series capacitors (Cp to Cpy).
The DPCs perform energy balancing between the sub-partial-DC voltages (V1 to Vp,;) on Gy
to Cpi. Using the Kirchhoff’s current law (KCL), the differential current processed on each
DPCs can be expressed as follows:

Lape, = I, — Ip,.., +Di-tlapeii-t) + (1 = Divi )ape., (2.8)

where Djli—12.... n is the duty cycle of each DPC and lapc, is current flowing 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 voltage (V},)
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Figure 2.18: Differential power converter (DPC): (a) schematics and (b) VA area model.

partial current (/gpc,). The total differential power processed on the DPCs can be written
as:

Pit, = Vp,lape, 2.9)

where Py, is the differential power that i’h|i:1,2’... .n DPC processes, V), is the partial voltage
on the series capacitor Cp;, and Igp, is the differential current that i'" 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 voltage Vpc. However, the
PPP can be achieved by processing the partial current which is gy . If there is the power
imbalance between the Cp;, the DPCs will compensate the differential power between each
Cpi with Idpc,-~

According to (2.8) and (2.9), the DPCs process the partial voltage and current which are Vj;
and lgpci. 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 i number of DPCs with n 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 sources (Vaux, |x=12.-.- n) should be used. The DC-DC
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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). However, Vyux, 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 power, XPpcy, is bypassed
directly to the bus side. Therefore, the FRPC can process partial power by controlling the
required current, Incx, from the partial voltage of the auxiliary DC sources Vyx,. Using the
qualitative analysis in Fig. 2.19 (b), the relationship between input and output power can be
expressed as follows:

VbusZI frx = z (VDCXIDCX + Vauxx IDCx ) (2 10)
—— —_———
Bypassed power  Processed power

where It is the output current of each FRPC and Vj,x, is the auxiliary voltage of each input
port.

The advantage of FRPC is that the conventional low voltage rating DC-DC converters that
can process Vuux,, 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 voltage Vpcy 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 satisfied:

Vous = Vbex + Vpx (2 11)

lox = Ipcx — Ipx

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 node
of the output port of IPOS PPC is connected in series between V5. A partial voltage V}, is
applied to the output of the IPOS PPC. The full output current /oy is processed on the inverter
DC bus side of the IPOS PPC. Hence, the power processed on the output side of the [POS
PPC is V,,Iox. 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
flows also can be expressed as I,,s = Xlox. 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:

pr = VDCxIpx = VpXIOX (2.12)
where Py 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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VbexIpex = Vbex (Ipx + IOx) = VpxIOx + Vbexlox = Vouslox (2.13)

The voltage and current relationship between the input and output of the [POS 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, where Ipy is formed by the
subtraction between Ipcx and px. The figure also shows that the sum of Vpcx and Vpx yields
Vous. This means that the IPOS PPC is suitable for the application where Vpcx < Vpus (Boost
applications). The relationship between the processed power of the IPOS PPC and the input-
output power can be written as follows:

YDCxIpx = VpxIO)i < YDCXIDCX = VbusIO)g (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:

Fiir = VpexIpex — VbexIpx = Vbexlox (2.15)

where Pyg;; is the unprocessed power which is the power directly bypassed to the V4, without
the power processing by the IPOS PPC.
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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 [POS 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 = Vbex — Vpx (2.16)

lox = Ipcx + Ipx

On the input side of the ISOP PPC, V;, is applied with processing full input current Ipcx. On
the bus side, the partial current I is processed with the full bus voltage Vy,s. Eventually, the
Pyx processed on the single ISOP PPC can be expressed as follows:

pr - VpxIDCx = Vbuslpx (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:

Vouslox = Vbus (Ipx + IDCX) = VpxIDCx + VousIpcx = 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 flow 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:

VpxIDCx = Vbuslp)i < YDCXIDCX = Vbus10§ (2.19)

v~

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 power Py can be written
as:

Piir = VbexIpex — VpIpex = VbusIbex (2.20)

Comparison of the PPP architectures

The comparison of the PPP architectures are shown in Table. 2.2. In the table, ‘n’ repre-
sents the number of DC inputs and ‘i’ represents 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 because i number of converters have to be used
in order to build the single DPC. Therefore, the DPCs need 2n - i of switches for n number
of inputs. The PPC needs 8n switches 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.
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Figure 2.22: Efficiency 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 efficiency of the architectures that recently studied is compared from the literature re-
view, in order to check the highest efficiency 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 efficiency is proven by the experiments. The target power versus efficiency (P/10)
of this study is highlighted in red color. The FRPC of [68] achieved the highest efficiency,
which is 99 % with a 10 kW prototype. Compared to [68], the PPC studies of [82] and [84]
have slightly lower efficiencies, achieving 98.5 % with 6.5 kW prototype. The target of this
study is to achieve the efficiency > 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 (1), filter inductance (L), and its bandwidth (fgw). On the other hand, the stabil-
ity of the self-synchronization is not limited by I, 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 efficiency of the DC-DC stage can be improved compared to FPP. There
are three possible architectures that are optimal for smart home applications: 1) DPC, ii)
FRPC, iii) PPC. The PPP architectures are compared in a table to compare the advantages
and limitations of each architecture. Furthermore, the efficiency 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 efficiency with the low
cost by using PPC. The key idea of the proposed architecture are: i) achieve efficiency higher
than 98.5 %, ii) make cost efficient 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
efficiency with the reduced power density and costs compared to the benchmarks in the tar-
get P/ 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 (Vpcx|x=12,.- 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:

ZPDCX = ZVDCXIDCX (31)
where Ppcy 1s the DC input power on each ports, Vpcx is the DC input voltage, and Ipcy the
DC input current.
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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 = Vouslous = Vbus (ZIDCX - Ip) (3.2)

where B is the inverter DC bus power of multi-port PPC, Vi is the inverter side DC
bus voltage, Iy is the inverter side DC bus current, and 7, is the RMS current on the DC
transformer.

The power of the multi-port PPC should satisfy the energy conservation principle which
1s XPpcx = Byus. The input/output power relationship of the proposed architecture can be
expressed as follows:

2VbpexIpex = Vous (ZIDCX - Ip) = VousZIpex — Vbuslp (3.3)

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

Pp = Vbust = VousZIpcx — ZVpexdbex 3.4)
where F, is the partial power that multi-port PPC processes.

The partial power rated converters those are connected in parallel to the partial DC bus V.
Therefore, the power rating of the converters connected in parallel to V}, also can be written
as follows:

where Dy is the duty cycle of the converters that connected in parallel to V,. Equation (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:

YXVbexd)
R (3.6)
us

Putting (3.5) in (3.4), the equation can be reorganized as follows:

VousEIpcx = EVpexIpex + XDxVplIpex (3.7)

Solving (3.7), the voltage relationship between Vs and Vpcx can be obtained as:

Vous = VDex +Dpr (38)
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The unprocessed power can be obtained by averaging the subtraction between DC input
power and input processed power (XPpcx and P,), and inverter side power and inverter side
processed power (Pys and P,). The rest of the power (Fyi;) which is not processed by the
converter can be calculated as:

ZVDCxIDCx - ZDXVpIDCx + Vouslbus — Vbuslp
2

dir = = IbusXVDCx (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 power P, is processed by the converter. Therefore, the size of the converter
can be reduced by using partial power magnetic and semiconductor components.
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Figure 3.2: Volt-ampere (VA) are model of the proposed PPC.

The power processed by the parallel converters to V,, can be achieved by processing the full
current partial voltage owing to V},. To keep the nomenclature simple, the converters parallel
to V}, and Vpcx are called partial voltage allowed converters (PVCs).

Between V}, and the inverter side DC bus (Viys) there is a partial power DC transformer. The
DC transformer controls V,, and also exchanges the partial power between Viys and Vpcy.
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: 1) the multi-port PPC can improve efficiency
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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modified by selecting the different topology options. The optimal topology selection for each
PVC and DC converter for a multi-port PPC is first 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 efficiency. The choice of topology is made to achieve objectives
a) and b).

3.1 Description of the target specification

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 panels (V) is in the range of 37
V < Vo <48 V and the MPPT voltage (Vinpp) of commercial PV panels is in the range of
34 V < Vigpp < 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 330 V < Viypp < 400 V at full irradiation. The nominal input voltage chosen for the
study 1s Vpcx =360 V, which considers 10 PV panels connected in series. The target nominal
DC input power (Ppcx) is chosen as 4 kW. Considering the average MPP current (/iypp), the
nominal input current can be chosen as Ipcx =11 A.

The selection of the partial voltage V}, 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 (310)

Based on (3.10), the maximum input voltage can be tracked up to Vg and the minimum
input voltage tracking range is determined by subtracting Vy,ys from V,,. The inverter side
DC bus voltage of the multi-port PPC is set to V;,s = 400 V. Therefore, the minimum input
voltage range can be determined by selecting the partial voltage V.

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 Vs 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), the Vyys — Vv (Where V) is
the PV voltage) measurement data is plotted. In the morning from 6:00 to 7:00, the range
of voltage gap of Viys — Vjy is between 0.25 to 1 p.u. where the range of absolute value is
100 V < Vyys — Vpv < 250 V. To satisfy the condition in (3.10), the proposed multi-port PPC
needs V, ~ 250 V to perform MPPT in the early morning between 6:00 and 7:00. On the
other hand, the voltage gap Viys — Vpy less than 0.25 p.u. can be observed during the daytime
between 08:00 and 18:00 which absolute value is Vyys — Vpy < 100 V. This means that the
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maximum power point (MPP) can be tracked with V,, <100 V between 08:00 and 18:00.
After 19:00, Viys — Vpv 1s again between 0.25 to 1 p.u (160 V < Viyys — Vpy < 250 V), which
requires Vj, &~ 250 V to achieve MPPT in multi-port PPC.

To choose specific voltage of V}, 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 V}, 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 18:00 with V,, < 100 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
as Vp, = 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 150 V' V,,.

The overall specification for the proposed multi-port PPC is shown in Table. 3.2. Following
(3.10), the input DC voltage range of 250 V < Vpcx <400 V can be tracked with the selected
Vp = 150 V. Furthermore, using (3.4) and (3.5), the nominal partial power B, of single port
can be calculated as P, = 1.5 kW for each 4 kW rated DC inputs. Therefore rated power of
the system can be written as 4n kW where 7 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 of V, = 150 V and Vs = 400 V, and the rated current Ipcx and partial current Z,. In
the figure, most IGBTs are manufactured for the rated voltage higher than 400 V. In order to
operate the switches for the PVC voltage V,, = 150 V with the rated current Ipcx = 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 shares V,,,
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 voltage V;,,s = 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 value of I, =
7.5 A, calculated using (3.4). The rated current (/,4.) can be chosen in the range between 8
A < Ie < 15 A, taking into account the current margin. The Irae of the 650 V level IGBT
1S Iraie > 20 A which rating is above the targeted range. Therefore, a 650 V MOSFET with
L. = 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 unified 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 ‘ Voe ‘ Vinpp ‘ I ‘ Tinpp ‘ Prpp ‘
CHSM60OM PENTA+ 40.75V | 3398V | 11.35 A | 1098 A | 370 W
JKM385M-72H Jinko Solar | 48.10V | 3950V | 10.08 A | 976 A | 385 W
JKM390M-72H Jinko Solar | 48.14V | 39.62V | 10.17A | 9.84 A | 390 W
JKM400M-72H Jinko Solar | 4835V | 39.83V | 1023 A | 992 A | 400 W
YLM-J 108 Yingli Solar 37.17 | 30.80V | 13.15A | 10.52 A | 405W
Tiger60TR Jinko Solar | 42.67V | 35.02V | 11.29 A | 10.71 A | 350 W
TSM-395 Vertex S 4040V [ 3340V | 1200 A | 11.38 A | 395 W
RSM40-8-390M Risen Solar | 40.69V | 3388V | 1221 A | 11.52 A | 390 W
Tiger66TR Jinko Solar | 4375V | 3649V | 11.39 A | 10.69 A | 390 W
LNMHI120 LINUO 41777V | 3443V | 11.61 A | 11.06 A | 380 W
CP17-60H HANERSUN | 41.60V | 3440V | 11.45A | 10.89 A | 375W
SL5SM108 SunLink 37.05V | 31.01 V | 13.79 A | 1290 A | 400 W
TSM-DEO8M.08 Trinasolar | 41.90V | 3470V | 11.52 A | 1096 A | 380 W
AU-120MH AustaEnergy | 41.30V | 3480V | 11.69 A | 10.92 A | 380 W
PNG-120M Solarclip 4130V [ 3480V | 11.69 A | 10.92 A | 380 W
Meyerburger380 Meyer Burger | 4470V | 38.70 V | 1090 A | 10.30 A | 395 W
RSM144-7-435M Risen Solar | 4940V | 41.05V | 11.20 A | 10.60 A | 435 W
JAMS54S30 JA Solar 37.07V | 31.01 V | 13.79 A | 1290 A | 400 W
AS-6M120-HC Amerisolar | 42.00V | 35.00V | 11.44 A | 10.86 A | 380 W
BSM440PMB7-46SC | BluesunSolar | 41.60 V | 3450V | 1292 A | 12.89 A | 420 W
EPP380-120M EPP Solar | 41.68V | 3430V | 11.65A | 11.08 A | 380 W
JAM60D20 JA Solar 4168V [ 3482V | 11.58 A | 11.06 A | 385 W
BVM6610M boviet 41770V | 3520V | 11.92 A | 11.09 A | 390 W
HEXS5-182 BluesunSolar | 3725V | 31.24V | 13.86 A | 1297 A | 405 W
TSM-405 Vertex S 4140V | 3440V | 1234 A | 11.77T A | 405 W
JAM60S20 JA Solar 4207V | 3562V | 11.63 A | 11.09A | 395 W
EPP400-180M10 EPP Solar | 3693V | 30.83V | 13.76 A | 12.98 A | 400 W
RSM40-8-405MB Risen Solar | 41.60V | 3464V | 1240 A | 11.70 A | 405 W
BVM7609M boviet 3700V | 31.05V | 13.78 A | 12.89 A | 400 W
CP17-60H HANERSUN | 41.60V | 3440V | 1145A | 1089 A | 375W
TSM-435 Vertex S 50.60V | 42.00V | 10.86 A | 10.36 A | 435 W
TSM-415 Vertex S 4940V | 4100V | 10.64 A | 10.11 A | 415 W
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Figure 3.4: Rated voltage and current of commercial Silicon IGBT and MOSFET.

Table 3.2: Target specification of the proposed multi-port PPC

Targets ‘ Symbol ‘ Value ‘ Unit ‘

Nominal DC input power Ppex 4 kW
Nominal DC input voltage | Vpcx 360 v
Nominal DC input current Ipcx 11 A
Bus Voltage Vous 400 \%
Partial Voltage Vo 150 \"

Rated Power Prate 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 650 V 250V
Rated drain current Iy, 16 A 20 A
On state resistance Rys,, 110 mQ 43 mQ
Gate charge O, 118 nC 13 nC
Pulse current IDlelbe 99.6 A 144 A
Commutation speed di/dt 900 A/us 1500 A/us
Reverse recovery charge O 0.8 uC 227 nC
Reverse recovery time ter 150 ns 96 nS
Thermal resistance Rjc 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 to V}, as shown in Fig. 3.5: 1) 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 figure
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
Stx|x=12,.- n and the bottom switches Spx. The HB legs are connected in parallel to the partial
voltage capacitor (Cp). The positive node of C, is connected to Viys and injects Xigy into the
inverter side DC bus. The switching of Six and Spx forces the current to the filter inductor

(Ltx)-

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. The S and Spx switch in a complementary manner. When Six is
on, if is bypassed directly to Vi, through Six. When Spy is on, i, flows on Spx and to the
negative node of C,. The amplitude of the inductor voltage ripple (AV ) can be calculated
by subtracting W g from the bypass state (Vpcx — Vous) to the negative state (Vpex +Vp — Vius)-
The result of the calculation i1s AVytx = V).

Table 3.4: Boost type PVC switching states
| S | Sox | Inductor Voltage (Vig,) | States

1 0 Vbex — Vous Bypass
0 1 Vboex + Vo — Vous Negative

The waveform of the switching signal, inductor voltage (Vi ¢x) and inductor current (if) is
shown in Fig. 3.6 (b). As mentioned in Table. 3.4, the switches Six and Spx are comple-
mentary. The switching causes a voltage change (AVy g = V) across the filter inductor (Lgy).
Therefore, considering the voltage-second balance of the inductor current, the inductor cur-
rent ripple (Aig) can be calculated:

(VDCX + Vp - Vbus)

Al = 3.11
i O-Sfofs ( )
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where Dy|x—12.... n is the duty cycle of the PVC and f; is the switching frequency of the
PVC.

The bus voltage can be formed from Vpcx and V,. The relationship can be derived from the
average voltage relationship of the PVC as follows:

Vous = Vbox + Dpr (3.12)

In the identity equation of (3.12), the sum of Vpcx and DV, results in V5. The duty cycle
should be D > 0. Therefore, the voltage relation Vpcx < Wpys 1s always true. The voltage
relation therefore proves that the PVC topology of Fig. 3.6 (a) is optimal for the boost mode
applications where Vpcx < Vius.

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 of Sx and Spx. The HB legs are connected
in parallel to Cp,. The main difference with boost type PVC is that the negative node of C,, is
connected to V.

The switching states of the buck type PVC are highlighted in Fig. 3.7 (a). The switching
of Six and Spx 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. When Six is on, i
flows through Six and the positive node of C,. When Sy is on, ig 1s bypassed directly to
Vous through Spx. The amplitude of the inductor voltage ripple (AVy¢) can be calculated by
subtracting Vi« from the bypassed state (Vpcx — Vius) to the negative state (Vpex +Vp — Vous)-
The result of the calculation of AV = V.

Table 3.5: Buck type PVC switching states
’ Stx ‘ Sbx ‘ Inductor Voltage (V) ‘ States ‘
1 0 Vbex — Vo — Vous Positive
0 1 Vbex — Vious Bypass

The waveform of the switching signal, inductor voltage (VL ¢x) and inductor current (if) is
shown in Fig. 3.7 (b). As mentioned in the table. 3.5, the switches Six and Sy switch in a
complementary way. The switching causes a voltage change (AVLtx = V,) across the filter
inductor (Lg). Therefore, considering the voltage-second balance of the inductor current,
the inductor current ripple (Aig ) can be calculated:

(VDCX - DXVp - Vbus)
Aigy = (3.13)
) fof s
where Dy|x=12.... n is the duty cycle of the PVC and f; 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 formed by Vpcx and V,,. The relation can be derived from the average
voltage relation of the PVC as follows:

Vous = Vbex — vap (3-14)

In the identity equation (3.14), the subtraction of DxV}, from Vpcy gives Viys. The duty cycle
should be D > 0. Therefore, the voltage relation Vpcx > Vpus 1s always true. The voltage
relation therefore proves that the PVC topology of Fig. 3.7 (b) is optimal for the buck mode
applications where Vpcx > Vius.

3.2.3 Buck-boost type

The buck-boost type PVC is shown in Fig. 3.5 (¢). The buck-boost type PVC consists of a
full-bridge (FB) leg with four switches (Si, Spx, Sty and S,’DX). The FB legs are connected in
parallel to C,.

The switching states of the buck-boost type PVC are highlighted in Fig. 3.8 (a). The switch-
ing of Six, Sbx> Six» S{,x forces the current i into Lg. The buck-boost type PVC can have
four different switching states as shown in the figure. When Six and Sj, are on, it can be
bypassed directly to Vyys. If Six and S{)X are on, ir; flows through the positive node of C,. If

Sbx» Sty are on, igx flows through the negative node of Cp. If Spx, S{)X are on, ig 1s directly
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bypassed to V;,;s. The switching states of the buck-boost topology option are organized in
Table. 3.6. Among the four states, two bypass states are not used because the bypass states
do not appear in the DC current control. Therefore, the positive and negative states are used
where the switching sets of Sy, Sp, and Spy, Siy.

The switching states of FB leg, Vi and i of FB leg are shown in Fig. 3.8 (b) by following
the investigation of HB leg of buck type PVC. During FB leg switching, V} ¢ varies from
—V, to V},, which can be written as AV ¢ = 2V},. Based on the V¢ variation, Aif on the FB
leg can be expressed as:

Wbex — (1 —2Dx )V, — W
Aifx _ ( DCx ( x) p bus) (3.15)
fofs

Table 3.6: Buck-boost type PVC switching states
’ Sbx ‘ Six ‘ Stx ‘ Sty ‘ Inductor Voltage (V¢x) ‘ States

0 1 0 1 Vbex — Vius Bypass
0 1 1 0 Vbex — Vo — Vous Positive
1 0 0 1 Vbex + Vo — Vous Negative
1 0 1 0 Vboex — Vius Bypass

Using the volt-second balance of AV ¢ and Aig in Fig. 3.8 (b), the average voltage relation
in the buck-boost type PVC can be expressed as follows:

Vous = Vbex + (1 —2Dx)V, (3.16)

The identity equation (3.16), shows that V}, is subtracted from Vpcx if Dx > 0.5. In this case
the voltage relation of FB leg; Vpcx > Vius should be satisfied. On the other hand, if Dx < 0.5,
Vp 1s added to Vpcx. The voltage relationship of the FB leg is Vpcx < Viyus when Dy <0.5.
According to the result of Dy, FB leg can be applied to both conditions: Vpcx > Vipus and
Wbex < Vs are satisfied. This implies that FB leg can be applied to both cases of boost
mode and buck mode solutions.

3.2.4 Selection of optimal PVC topology options

The loss analysis of the possible PVC topology options should be investigated to compare
the loss benefits of each topology option. There are two main losses on the switches: 1)
conduction losses and i1) switching losses. In this study, the MOSFETs are adapted for the
switching devices. Therefore, the conduction losses P, of the MOSFET can be written as

Peon = Rysonl] (3.17)
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where Ry ,, 18 on state drain-source resistance of the MOSFET and 1, is the RMS current
on MOSFET.

Equation (3.17) shows that P, can be derived by calculating the power dissipation at Ry, of
the MOSFET. The Ry, information can be found in the MOSFET datasheet. Furthermore,
I4 can also be calculated based on the target nominal current /pc.

To calculate the switching losses Py, the principle of P, should be analyzed. Fig. 3.9
shows the equivalent circuit of the simplified MOSFET model. In the model the effect of
R, on Peon 1s neglected. As shown in the MOSFET model, the gate driver output voltage
Var 18 applied to the gate. The MOSFET has parasitic capacitors: gate-source capacitor (Cgs),
gate-drain capacitor (Cyq) and drain-source capacitor (Cys). The gate capacitors Cgs, Cgq are
slowly charged by the gate resistor R,. The drain voltage potential is Vyq and the current ig
flows into the MOSFET when the switch is turned on. Py, is generated by the interaction of
Cgs, Cad, Cqgs, and the change in Vyq and iy during the turn-on/turn-off period. The detailed
turn-on/turn-off sequence of the MOSFET is shown in Fig. 3.10.

Vaa

|1d

- -
I/dr

Figure 3.9: Nodes of the MOSFET and its driving circuit.

The waveform of the turn-on/turn-off period of the MOSFET is shown in Fig. 3.10 (a). The
green line represents Vg, the red line represents iq and the blue line represents Vys. Firstly,
the turn-on sequence of the MOSFET can be analyzed using the Vg, ig and Vg5 waveforms
of the MOSFET. When Vj; is applied by the gate driver, the gate current i, begins to charge
Codq. When Vg reaches Vg, the current through the MOSFET iq starts to increase. When
Vs reaches Vyp1p), the MOSFET is fully turned on. The time between Vs and the sweep from
Va(th) t0 Vil 18 defined as the rise time 7. The MOSFET data sheets provide the rise time ;.
After the MOSFET is fully turned on, iy reaches its nominal value with the generation of a
reverse recovery current. The Vs is also discharged by interaction with i;. The relationship
between the change in Vs and i can be expressed as follows:

= 3.18
dt ng ( )

The discharging time #, can be deduced by (3.18) with respect to ¢ which can be written
as:
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Cad
tra = Vaa—— (3.19)
lg
ig during ff, can be written as:
Var —V,
i = w (3.20)
g

Hence, tg, can be calculated with the given values in the MOSFET datasheet as follows:

Ced
te = (Var — Vg(plt))vddRi (3.21)
g

After Vg is fully discharged, i, interacts with Vs and charges Vg to Vpy.
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Figure 3.10: Turn off and turn on losses processes during the switching of the MOSFET.

The turn-off period can be analyzed similarly as the turn-on period. First, Vg rising time
(tru) has the same relation as (3.19). However, during the switch turn-off, gate driver does

not apply Vq,, hence iy can be written as follows:

- 1
i = % (3.22)

Finally, #,, can be calculated as follows:
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Cad

Iru = ‘ (_Vg(Plt))Vdd_g

R, (3.23)

The current falling time # is also given in the MOSFET datasheet.

In Fig. 3.10 (a) and 3.10 (b), turn-on switching losses Py, and turn-off switching losses Pyt
are visualized. F,, and Py can be deduced by calculating power during the turn-on and
turn-off sequences. First, Py, can be calculated as:

tr+ty
Py = /0 Vds (Z)id(t) dt = O-SVddIdon (tr —|—tfu) (3.24)
where Iy, is RMS current of ig at turn-on.

By considering the reverse recovery current, (3.24) can be written as:

Pon = O-SVddIdOn (lr + tfu) + erVdd (3-25)

Similarly, Py can be calculated as follows:

trut+t
Py, = /0 Vds (l)id(t) dt = O'SVddIdoff (tru + tf) (3.26)
where Iy . is RMS current of i4 at turn-off.

Finally, total switching losses can be calculated by adding P, and Py as follows:

Pow = Pon + Pott = 0.5Vaa (1a,,, (tr + tra) 4 La g (tra +26)) + OreVaa (3.27)

Based on (3.17) and (3.27), the losses of the PVC topology options can be calculated. The
losses of the buck-boost type PVC are twice as high as those of the boost and buck type
PVC topology options. The RMS inductor current of all topology options is the same as .
Furthermore, the voltages at the switching devices are the same in V},. Therefore, the unit
losses on the single MOSFET are the same for all topology options. However, the number
of MOSFETs in the buck-boost PVC is double that of the boost and buck PVCs. Therefore,
the losses of the FB leg based buck-boost type PVC have twice higher losses compared to
the HB leg based boost type and buck type PVCs.

In summary, there are three options for the PVC topology: i) Boost type i1) Buck type and
iii) Buck-boost type. The overall comparison of these three topology options is described in
Table. 3.7. The nominal voltages of Vpcx are lower than V4. Hence, buck type topology
is not optimal topology to apply to the smart home applications. By using buck-boost type
PVC, the flexible Vpcx can be applied to the input side. However, the losses of the boost type
PVCs are twice higher than the boost type and buck type PVCs. In addition, by selecting
the boost type PVC: inductor, the ripple AVi¢ can be smaller compared to the buck-boost
type. It is possible to have the same Aif by using lower inductance Lg,. The number of
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switching devices and the semiconductor losses are twice lower than the buck-boost type
topology. Eventually, the PVC can have reduced losses and cost by using the boost type
topology option. Therefore, the boost type PVC is selected as the optimal solution for the
smart home applications.

Table 3.7: Comparison table of PVC topology options

Topology ‘ AVi ¢ ‘ Number of Switches | Semiconductor Loss p.u. Application
Buck-boost type | 2V, 4 1 Charging & PV

Boost type Vo 2 0.5 PV

Buck type Vo 2 0.5 Charging

3.3 DC transformer topology selection

In the multi-port PPC architecture, the DC transformer is one of the key stages that maintains
the partial voltage V,, at C,. Since the stiff V}, can be maintained by the DC transformer,
the partial voltage processing on the PVC is allowed. Moreover, the use of DC transformer
stage also let the energy conservation of the proposed multi-port PPC converter by the partial
power flow as written in (3.3). In the smart home applications, XPpcx can be fluctuated by
the current and voltage variation of the DC inputs. Therefore, the power difference between
the DC inputs and the inverter side DC bus can be written as follows:

ZHDCX - Pbus > 07 if ZPDCX > Pbus

(3.28)
ZPDCX - Pbus <0 if z"H)Cx < Pbus

Based on (3.3), XPpcx — Byus > 0 represents the partial power flow on the DC transformer
(Ppct)- Hence, the power flow condition of DC transformer can be written as follows:

Pocr <0, if XPpcx > Bous

. (3.29)
PDCT >0 if Z'PDCX < Pbus

The power flow on the DC transformer is changed by the power comparison between XPpcx
and Bys. If XPpcx > Bos, the direction of the power flow on the DC transformer is from
YVbcx 10 Vpus. On the other hand, if XPpcx < By, the power flow direction on the DC trans-
former is from Vs to XVpcx. In addition, another key function of the DC transformer is to
separate the grounds between V}, and V;,s through the galvanic isolation of the transformer.

Therefore, for the possible topology options of the DC transformer, the bidirectional isolation
converters should be considered. The two most common isolated converters are i) Dual
Active Bridge (DAB) converters [90-99] and ii) Dual Bridge Series Resonant Converter
(DBSRC) solutions [100-103]. The evaluation of the advantages between DAB and DBSRC
converters is required in order to select the optimal isolated converter topology. Furthermore,
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further optimization of the selected isolated converter is required to have optimal losses for
the DC transformer.

3.3.1 DC transformer topology selection: DAB vs DBSRC

Dual active bridge (DAB) converter

- Active

Bridge,
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Bridge,
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Figure 3.11: Schematics of DAB converter.

The schematic of the DAB converter is shown in Fig. 3.11. The DAB converter has an active
bridge on the Vj,s side and an active bridge on the V,, side. To drive the DAB converter, a
constant 50% duty cycle is applied to each primary and secondary active bridge. The power
of the DAB converter is transferred by the phase shift between the primary and secondary
active bridges.
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Figure 3.12: Current and voltage waveform of DAB converter.

The current and voltage waveform of the DAB converter is depicted in Fig. 3.12. Based on
the depicted waveform, the voltage on L; can be expressed as follows:
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2Ly (K + 1 T
Vi = Vous + NV, = % when 0<7< @ (3.30)
2Ly (I — Io) ¢Tpas Tbas
Vi =Vous — NV, = ——————=  when <t < 3.31
T T Toas — 0Tbas 2 772 -3

where Vi is the voltage on Ly, Tpap is the switching period of DAB converter, and ¢ is the
phase shift of the DAB converter.

Considering the continuity of i, /x; and Ik, can be calculated as follows:

_ ToaB (2N¢)Vp + Vous — NVp)

3.32
k1 AL, (3.32)
T 2N OVius — W NV,
o = DAB( ¢ bus bus T p) (3.33)
41
Finally, N1, can be calculated based on (3.32) and (3.33) as follows:
NVousTi 1-—

2Ly

The limit of N1, can be decided by considering the maximum input-output power transfer of
multi-port PPC of (3.3) and the voltage relation of the DAB converter as follows:

2Voexdix = Vous (X — Ip) = Vousxlix — NV, (3.35)

where x is the number of inputs, I is the RMS inductor current (igy ), and N is the transformer
ratio.

Equation (3.35) can be reorganized as:

x(Vbus — VDCX)IfX = XVprX = NVpIp (336)

Finally, the input-output current relationship between Vj,, side and V), side can be expressed

as follows: NI
I = —F (3.37)
X

Based on (3.37), output current of DAB converter (N /xI,) is the same as RMS current of the
PVC converter stage (It). Therefore, the relation of I and I can be written as follows:

Tt = Ik (3.38)

where Iy, is the peak value of if that considers the switching ripple.
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The switches of low voltage side secondary active bridge should be selected by considering
the peak inductor current I;;. Therefore, putting (3.38) in (3.32), I;; can be calculated. Based
on Table. 3.2, the nominal current on the PVC is 11A. Hence, considering the 40% switching
ripple current, /i can be decided as 16A.

The output power of the DAB converter can be calculated from (3.34) as follows:

_ VousWp0(1 - 9)Toas
2Lkn

Ppas (3.39)

In order to determine the phase shift angle ¢, (3.39) can be reorganized with respect to ¢ as
follows:

2L
o —kbas (3.40)
VbuszTDAB
where @ is the nominal phase shift angle.
3
250 Non ZVS Region
7l
s 1.5F
G ZVS Region
1
05 | Number of DC inputs x5 =y
""""""" i R i
: - x=1x= = = _
Nominal galg - Non ZVS Region ‘x_6 |
0 0.1 0.2 0.3 0.4 0.5
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Figure 3.13: ZVS condition of DAB converter and the nominal operating point of the DAB
converter at the condition in Table. 3.2.

Putting the parameters in Table. 3.2 to (3.40), the nominal phase shift angle at different
numbers of DC inputs can be calculated. As discussed before, the major target of multi-
port PPC is to minimize the losses on the semiconductor devices. Hence, the zero voltage
switching (ZVS) should be achieved on the DAB converter stage in overall conditions. The
ZVS condition of DAB converter [95-99] can be written as follows:

® > (Gpas —1)/(2GpaB), if Gpag >0

(3.41)
® > (1-Gpag)/2, if Gpagp <0
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In Fig. 3.13 the ZVS condition of the DAB converter is plotted based on (3.41). The phase
shift angles of the different numbers of DC inputs are calculated and pointed on the ZVS
condition plot. The DAB converter based DC transformer of multi-port PPC cannot achieve
the ZVS if the number of DC inputs (x) are less than 7 at the target operating conditions
in Table. 3.2. In other words, more than 7 numbers of DC inputs are always required to
achieve soft switching of the DC-DC converter, which makes the architecture impractical for
the smart home applications. Therefore, the DAB converter is not a suitable solution for the
DC transformer of the multi-port PPC.

Dual bridge series resonant converter (DBSRC)

i Do N1 A 1.
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_ Primary Secondary
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Figure 3.14: Schematics of the dual bridge series resonant converter (DBSRC).

The dual bridge series resonant converter (DBSRC) is depicted in Fig. 3.14. Both on the
primary and secondary sides of the DBSRC are comprised with the switching legs. In order
to have bidirectional power flow capability, resonant tank are placed both on the primary (L,
and Cyp) and the secondary (L5 and Cis) side of the transformer. 50% constant duty cycle
is applied to the primary bridge and secondary bridge of the DBSRC. Hence, the average
output voltage of the DBSRC can be decided by the transformer turns ratio as follows:

Vo = Vous /N (3.42)
where N is the transformer turns ratio.

The ZVS of DBSRC always can be achieved when fsgc > f;, where fsrc is the switching
frequency of the DBSRC and f; is the resonant frequency. Hence, there is higher chance to
optimize the efficiency of the DC transformer of the multi-port PPC owing to its ZVS capa-
bility. Therefore, DBSRC converter is selected for optimal topology for the DC transformer
stage.

3.3.2 Optimal topology selection of DBSRC

The DBSRC is selected for the DC transformer topology. The DBSRC has bridges on each
primary and secondary sides of the transformer. The primary bridge is connected to Vy,,s. The
secondary bridge is connected to V},. The primary bridge should be designed to handle the
nominal voltage of Vg with a 50% voltage margin of the switching voltage overshoot. On
the secondary side of the transformer, the applied voltage is 150 V. Therefore, the secondary
bridge should be designed to handle the power at 150 V. There are three possible options
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for the primary and secondary bridge of the DBSRC: i) Neutral Point Clamped (NPC) leg,
ii) Full bridge (FB) leg, and iii) Half bridge (HB) leg. By selecting each different topology
for the primary bridge and secondary bridge, nine different topology combinations can be
made.

The basic operation of each topology option is analyzed to investigate the operation of each
DBSRC leg option. The losses of all possible topology combinations are analyzed to se-
lect the optimum topology combination with the minimum losses. In addition, the detailed
required voltage ratings of each topology option and the required transformer geometry are
compared in the table at the end of the section.

Neutral point clamped leg

The schematics of the neutral point clamped (NPC) leg for DBSRC is depicted in Fig. 3.15
(a). The topology can be applied to both of V;,s side and V,, side of the DBSRC. Therefore,
in order to express the general DC voltage, the DC-link voltage is expressed as Vin (also for
the analysis of the other topology options). NPC leg is comprised of two top side switches
(Srt1 and Sip), two bottom side switches (Sy; and Sy ), top side diodes (Dy), and bottom
side diode (Dyp). The half of the DC-link voltage (Vin/2) is applied to the two separated
DC-link capacitors: Cy, and Cp,. The resonant tank [C; and L] is connected between the
neutral point of switches (0O) and neutral point of the DC-link (O").

The resonant current i, is forced by the switching of the NPC leg shown in Fig. 3.15 (b). The
upper switches [Sy; and Sy2] and the lower switches [Sp and Sy, ] perform complementary
switching with a small dead time. Furthermore, the outer switches [Sy; and S;;] have a
shorter turn-on period than the inner switches [Sy» and Sy,1]. The operation of the NPC leg
can be divided into six modes, which are shown in Fig. 3.16.

The equivalent circuit of the first sequence between fy and #; is shown in Fig. 3.16 (a). Sy
and S, are switched on simultaneously at #y. In this sequence i; flows through Sy and Sy;.

The sequence 79 ~ t; is over when the resonance at #; is over and the switch Sy is turned
off.

The second sequence between t; and #, is shown in Fig. 3.16 (b). In #; ~ 1, the magnetizing
current ip, flows through Sy and Dy. In this sequence, the voltage between neutral points
Voo’ 18 clamped to 0. Therefore, the voltage change on the transformer can be Vin/2. The
sequence ends when Sy, is switched off at 7;.

Next, between t, and t3, the third sequence starts as shown in Fig. 3.16 (¢). In #; ~ #3 i, flows
through the body diodes of Sy,; and S;,. During this time, the voltage between Sy and Sy
is discharged by i;.

The equivalent circuit of the fourth sequence between 73 and #4 is shown in Fig. 3.16 (d).
The sequence t4 ~ t5 starts when the bottom switches Sy, and Sy,» are turned on at #4. The
voltages at S;p; and Sy are discharged from the previous sequence (Fig. 3.16 (c)). There-
fore, Syp1 and Sy, are turned on by reaching zero voltage switching (ZVS). During this time,
ir flows through Sy, and S;;. This sequence ends when Sy, is switched off at 75.
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Figure 3.15: Neutral point clamped (NPC) leg (a) Schematics (b) Key waveform: Switching
signal, top side device (Sy1, Si2, Dyt) current, bottom side device (Sip1, Sib2,

Dy) current, and resonant current i,.
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Between 74 and ¢, the resonance is over and Sy, is switched off as shown in Fig. 3.16 (e).
Only iy, flows through Sy and Dyy,. In addition, the transformer voltage is clamped to O that
is the same manner as the second sequence that shown in Fig. 3.16 (b).

The equivalent circuit between 75 and #g is shown in Fig. 3.16 (e). In t5 ~ t¢, i; discharges
the voltages at the top switches [Sy; and S;z]. Thus [Sy; and Sy2] can also achieve the ZVS
similar to the sequences in Fig. 3.16 (a)~(c).

T-type leg

The T-type leg schematics for DBSRC is depicted in Fig. 3.15 (a). The T-type leg is also
comprised with four switches: two outer switches [S;; and S;p1] and two inner switches [S;;
and S;»]. The topology is also three level leg, but it does not use diodes unlike NPC leg.
On the DC-link, the half of the DC-link voltage (Vin/2) is applied to the top and bottom
capacitors [Cy, and Gy ], respectively. The resonant tank C;, L; is connected between the
neutral point of switches (O) and neutral point of the DC-link (O').
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Figure 3.17: T-type leg (a) Schematics (b) Key waveform: Switching signal, outer switches
(S;t1 and Syp1) current, inner switches (S;;, Sy2) current, and resonant current i;.

The switching states of T-type leg, current on the outer switches (ig; and ig1), current on
the inner switches [is;; and i, ], and the resonant current (i;) are depicted in Fig. 3.17. The
the switch sets of the outer switches [Sy; and Sy,1] and inner switches [S;; and S;2] switch
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complementary manner. The operation of the T-type leg can be divided into six modes as
depicted in Fig. 3.18.

The equivalent circuit of the first sequence between 7o and #; is shown in Fig. 3.18 (a). The
top side outer switch Sy is on at the first sequence. Hence, i; flows through Sy, resonant
tank [L, and C;], and Cy. Attq, Sy is turned off and the first sequence ends and the second
sequence starts.

When Sy is turned off, i; on the resonant tank still flows in the same direction through the
Sr2 and the body diode of S;; as depicted in Fig. 3.18 (b). When S;, is turned off, the second
sequence ends. In this sequence, the voltage between O, O’ (vo’) is clamped to 0. Therefore,
the transformer voltage change can be half of the DC link voltage (Vin/2).

The equivalent circuit of the third sequence between #, and #3 is shown in Fig. 3.18 (¢). In
1y ~ 13, i, still flows in the same direction as the first and second sequences. In this sequence,
ir flows through the body diodes of Sy, and discharges the voltage on the Si,1. Hence, Sy
is ready to perform the ZVS.

Sip1 18 turned on when the half period of resonant is over, and the fourth sequence starts. The
equivalent circuit of the fourth sequence between 3 and #4 is shown in Fig. 3.18 (d). In this
sequence, i; flows opposite direction compared to the prior sequences. The current path is
made with the Sy1, Gy, and the resonant tank.

The next sequence which shown in Fig. 3.18 (e) starts when Sy, is switched off at #4. In this
sequence, iy flows through the inner switch §,;. The voltage on the transformer also can be
clamped in this sequence. Therefore, the voltage change on the transformer can be ViN /2 as
the second sequence.

The last sequence starts when S;; is turned off as depicted in Fig. 3.18 (f). During the time
between t5 ~ tg, i; discharges the voltage on Sy. Therefore, Sy; can perform the ZVS. The
sequence is over when Sy 1s on at the end of the resonant. Finally, the whole sequence can
be repeated again from the first sequence as shown in Fig. 3.18 (a).

Full bridge leg

The schematics of the full bridge (FB) leg for DBSRC is depicted in Fig. 3.19 (a). FB leg
is comprised with four switches: Sy, Si2, Sib1, Sib2- It has the single DC-link capacitor Ciy
that ViN. The resonant tank [C; and L;] is connected between the first leg [Syy; and Syp1] and
second leg Sy and Sipo].

In Fig. 3.19(b) the switching states, the voltage between two legs (voo), the switching current
sets of (ig¢) and igpp) and (ig and igpq) and the resonance current (i) are shown. The switch
sets [Sy and Syp2] and [Syp and Sy ] switch together. Furthermore, the upper switches [ Sy
and S;2], and the lower switches [Sy,; and Sy, ] perform complementary switching with a
small dead time. The operation of the FB leg can be divided into four modes, as shown in
Fig. 3.20.
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Figure 3.19: Full bridge leg for DC transformer: (a) schematics (b) Key waveform: Switch-
ing signal, current of switch sets [Sy» and S ], and [Sy; and Sy ], and resonant
current i,.

The equivalent circuit of the first sequence between fy and #; is depicted in Fig. 3.20 (a). In
this stage, the voltage on the switches S;; and Sy are discharged by i; flows on their body
diodes. Hence, S;¢; and Sy, are ready to be perform the ZVS.

The equivalent circuit of second sequence that between ¢; and ¢, is depicted in Fig. 3.20 (b).
The period t; ~ t, begins when S;; and Sy, are turned on. In #; and #,, i; path is made by S
and Sy and Ciy. In this sequence, the voltage v, changes from Vi to —Vin. Therefore,
the amplitude transformer voltage change is 2ViN. This period ends when Sy; and Sy are
turned off.

The equivalent circuit between #, and #3 is depicted in Fig. 3.20 (c). In the third sequence, i;
flows through the body diode S, and S;;. The voltage on the S;» and Sy, are discharged
and prepared to be perform the ZVS.

The equivalent circuit between #3 and #4 is depicted in Fig. 3.20 (d). The period 3 ~ t4 begins
when S;» and Sy are turned on. In this sequence, i; flows through S, and Si,. After the
fourth sequence is over, the cycle starts again from the first sequence that shown in Fig. 3.20

(a).
Half bridge leg

The schematics of the half bridge (HB) leg for DBSRC is depicted in Fig. 3.21 (a). HB leg
is comprised of top switch (Sy) and bottom switch (Sy,). The DC-link of HB leg is divided
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Figure 3.21: Half bridge leg for DC transformer: (a) schematics (b) Key waveform: Switch-
ing signal, Sy; current, Sy, current, and resonant current i.

into top side capacitor (Cy,) and bottom side capacitor (Cyy, ). The half of the DC voltage
(Vin/2) is applied to Cyy, and Cy,. The resonant tank [C; and L] is connected between the
mid point of the HB leg O and neutral point of the DC link O'.

In Fig. 3.21 (b), the switching states, voltage between O, O’ (voo), switch currents (is¢ and
isth), and resonant current (i;) are depicted. The top switches Sy and Sy performs comple-
mentary switching with a small deadtime. The operation of the HB leg can be divided into
four modes which are depicted in Fig. 3.22.

The equivalent circuit between #y and #1 is depicted in Fig. 3.22 (a). In this stage, the voltage
on the switches Sy is discharged by i; flows on their body diodes. Hence, Sy is ready to be
perform the ZVS.

The equivalent circuit between #; and 1, is depicted in Fig. 3.22 (b). The period | ~ t, begins
when S,; i1s turned on. In #; ~ 12, i; path is made by Sy and top side DC-link capacitor Cy,,.
At this point, v, changes from Vin/2 to —Vin/2. Therefore, the amplitude of the voltage
change on transformer is Vin. This sequence ends when Sy is turned off.

The equivalent circuit between #, and #3 is depicted in Fig. 3.22 (c). In this period, i, flows
through the body diode Sy,. The voltage on the Sy, is discharged and prepared to be perform
the ZVS.

The equivalent circuit between #3 and #4 is depicted in Fig. 3.22 (d). The period #3 ~ t4
begins when Sy, 1s turned on. In this sequence, i; flows through Sy, and bottom side capacitor
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Figure 3.22: Half bridge leg operation sequence: (a) fto ~t1, (b) t; ~tp, (C) tp ~ 13, (d) 13 ~ 14.

Selection of optimal DBSRC topology: Power losses assessment of possible leg combi-
nations

The DBSRC can have sixteen different topology option by the combination of the primary
bridge and secondary bridges. In order to investigate the optimal combination of primary
and secondary legs, the power losses is analyzed for the all possible leg combinations. Fig.
3.23 shows the conduction and switching losses of the semiconductors of all possible leg
combinations of DBSRC. The vertical axis shows the per unit (p.u.) losses of the semicon-
ductors. The lateral axis shows the topology combinations of primary and secondary bridge
(Left side of the slash represents Vj,,, side leg and the right side of the slash represent V,,
side leg). The semiconductor losses are calculated by using the losses analysis principle in
(3.17)—-(3.27).

The biggest semiconductor losses can be observed when applying FB leg to the primary
side as shown in Fig. 3.23. The case shows the highest switching losses. Based on the
switching losses equation in (3.27), the switching losses on the switch sets are dependent
on the voltage stresses on the switches. When FB leg is applied for the V;,4 side leg, the
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voltage stresses on the FB leg switches are full DC-link voltage which is V5. Furthermore,
the switching losses of the FB leg occurs on the two switch sets [Sy; and Syyn] and [S;
and Syp1]. Therefore, compared to the other topology combinations, the case when FB leg is
applied to the Vi, side shows the highest losses.

When NPC leg is applied for the W, side leg, it shows the minimum switching losses.
The voltage stresses on the switches of NPC leg is Vin/2. Hence, the switching losses of
NPC leg can be lower compared to the other topology options. However, the NPC leg has
the highest conduction losses. The current of the NPC leg conducts through the two series
switch sets [S;; and Sy2] and [Sy,; and Sip2] which impacts on the increase of conduction
losses. Furthermore, NPC leg has the highest semiconductor device counts. Therefore, these
reasons can impact on the highest conduction losses compared to the other topology options.
Comparing the NPC and T-type legs, the total losses of the T-type leg topology is lower. The
switching losses can be higher but the lower conduction losses owing to the lower device
counts can impact on the lower total losses compared to NPC leg.

The HB leg applied to the W, side leg shows the similar losses behavior when the case
T-type applied to the V;,s side. However, half bridge leg has the advantage in terms of
semiconductor device counts compared to the T-type leg.

3

x10
57 w ' w " FB/NPG.p 1FB/FBg, ‘ ]
B/T FBAB Conduction Losses

m Switching Losses

h
4

W
n B

L NPC/NPC NPC/FB
NPC/T PC/HB HB/NPC  HB/F
T/T T/NPC T/FB T/HB HB/T / ]%-IB/HB

w

Semiconductor Losses [p.u.]
—_ N
— W N

o
W

S

DHBSRC leg combination [ Vous side/ ¥} side]

Figure 3.23: Losses comparison of all possible combinations of primary and secondary
bridges for DBSRC.

The comprehensive comparison of the all possible leg combination is described in Table.
3.8. The table shows that it is possible to use low voltage devices by applying NPC leg
for the DBSRC topology. Furthermore, the transformer voltage step (‘2—‘;) is Vipus/2. The
number of turns of the transformer is proportional to the RMS voltage on the transformer
[104]. Therefore, there are more chances to have less turns of the copper winding when the
voltage step dV /dt on the transformers is decreased. Likewise, using T-type leg also has
the chances to decrease the copper windings on the transformers. On the other hand, the
voltage stresses on the semiconductor devices are twice higher than the NPC leg. However,
the lower semiconductor devices can be used and there is more chance to decrease the losses
by using T-type leg for the DBSRC topology. Using FB leg for the DBSRC has the lowest
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advantage owing to the highest voltage change on the transformer and the highest losses.
However, by using FB leg on the V,, side, it is possible to have almost 1:1 turns ratio by
using the full wave rectifying characteristics of the FB leg. Using HB leg shows the similar
losses and semiconductor voltage stresses as the T-type leg. The transformer voltage change
of the HB leg is twice higher than the T-type leg. On the other hand, using HB leg shows
the lowest device counts that can impact on the cost reduction. compared to the T-type
leg based DC transformer, HB leg can have more turns of the copper winding. However,
it also has a chance to integrate the resonant inductance in the transformer with the more
turns [105]. Therefore, considering the cost, losses, and transformer design flexibility, the
HB/HB leg combination (Vi side/V), side) is selected for the DBSRC topology. In order
to have simple nomenclature, the HB/HB DBSRC is named dual half bridge series resonant
converter (DHBSRC) in this study.

3.4 Summary

In this section, the optimal topology for the PVC and DC transformer is selected by evalu-
ating the advantages of each possible topology option. The objective of the multi-port PPC
is to apply it to the smart home applications. The operating point of the PPC is specified
to process the target DC input power range and convert it to V,; = 400 V. The target size
of the PV panel is a maximum of 10 PV panels connected in series. The nominal operating
conditions of the multi-port PPC are specified as Vpc, = 360 V, Ipc, = 11 A, and Ppc, = 4
kW. The commercial residential PV data analysis and (3.10) shows that the maximum power
can be tracked with V;, = 150 V. Given the 50 % voltage margin on the switches, the voltage
ratings of 300 V MOSFET are selected for the V}, side switch to handle 150 V partial voltage.
The 650 V MOSFET for the V;,,5 side switch to handle 400 V inverter side DC bus voltage.

The proposed PPC has two DC-DC converter stages of partial voltage converters and DC
transformer. The DC-DC converters of the proposed PPC should have the bidirectional
power flow capability to apply to the smart home application. The PVCs of the proposed
architecture performs the control of the DC input current. The PVCs processes the full cur-
rents of the DC inputs with the partial voltage on Cp. Therefore, the PVCs can achieve the
PPP by the partial voltage-full current power processing. The PVC has three possible topol-
ogy options: 1) Boost type, i1) Buck type and iii) Buck-boost type. Evaluation of AV ¢ and
semiconductor losses shows that boost and buck type PVCs can have twice less AV ¢x com-
pared to buck-boost type PVCs. According to (3.11) and (3.15), boost and buck type PVC
can have twice less L¢ in the same Aig, compared to buck-boost type PVC. The semiconduc-
tor loss analysis also shows that the switching and conduction losses of the boost type and
the buck type PVC have 50% losses compared to the buck-boost type PVC. The input/output
voltage ratio of the target application is Vpcx < Vpus. Therefore, the topology can be either
boost or buck-boost type. By using buck-boost type PVC, it is possible to apply flexible DC
input voltage. However, it has twice the L¢, semiconductor losses and number of switching
devices. Therefore, boost type PVC is selected for the optimum topology.
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The DC transformer of the proposed multi-port PPC is necessary to respect the energy con-
servation principle and the partial power flow based on (3.3). The DC transformer of the
proposed architecture have to handle the full voltage of the inverter bus (V4,s). However,
even with the full voltage, the partial current is processed by the DC transformer. Hence,
the DC transformer stage also can achieve the PPP by processing full voltage-partial cur-
rent. Two general bidirectional isolated converter topology options are considered for the
DC transformer: i) DAB converter and ii) DBSRC. The DC transformer is required to be
ZVS capable under all operating conditions to improve efficiency. However, the evaluation
of the ZVS condition of the DAB converter shows that DAB cannot achieve the ZVS condi-
tion when the number of the input ports are less than 7 (x < 7). On the other hand, the ZVS
of DBSRC can be achieved when the converter operates in the fsgrc > f; condition. Thus, the
DBSRC converter is selected for the DC transformer topology. The next step is to select the
detailed topology of the DBSRC to obtain the optimum size and losses. The four possible
options can be considered for each Vyys and V;, side bridges of DBSRC: 1) NPC leg, ii) T-type
leg, iii) full bridge (FB) leg, and iv) half bridge (HB) leg; are investigated. By selecting the
different combinations of each Vs and V, side leg options, sixteen different topology options
can be made. The loss analysis that shown in Fig. 3.23 shows that the HB/HB combination
can have the lowest losses compared to the other possible combination options. The semi-
conductor device voltage stresses and the transformer voltage changes are also compared in
Table. 3.8. The comparison shows that the use of the FB leg has the least advantages as it
has the highest voltage step dV /dt on the transformer and high voltage stresses on the semi-
conductor devices. By using NPC, the voltage stress on the semiconductor device and the
dV /dt on the transformer can be reduced. Therefore, the lower voltage rating device can be
used and there is a greater chance of reducing the copper windings of the transformer if NPC
leg is selected. However, the use of NPC leg may increase the number of semiconductor
devices, which may have an impact on the cost increase. On the other hand, the use of T-leg
shows the same voltage change on the transformer and the lower losses compared to NPC
leg. In addition, the number of semiconductors is lower than with the NPC leg. Using the
HB leg shows the same losses as the T leg options, but it has twice the dV /dt on the trans-
former. Even with the high transformer voltage step, the component count of the HB leg is
the lowest and there is more flexibility in the transformer design. Therefore, considering the
loss analysis and cost, the HB/HB based SRC, also called DHBSRC, is selected for the DC
transformer topology.
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4 Control and power conversion parameter optimization of
multi-port PPC

In the previous section, the boost-type PVCs and DHBSRCs are selected as the optimal
topologies of PVC and DC transformer stages of the multi-port PPC. Now, hardware design
and control strategy of the proposed architecture should be developed to control the power of
the DC inputs in the smart home system. As shown in Fig. 3.1, the boost-type PVCs take the
responsibility of controlling the DC input currents (Ipcx), which allows the required power
control of the DC inputs. The partial voltage, V},, is the other key control variable that allows
the partial voltage on the boost-type PVCs to achieve the PPP. The control strategy of each
boost-type PVC and DHBSRC is developed which allows the control of both Ipcx and V.

The main objectives of the proposed architecture are to achieve high efficiency and high
power density. Therefore, the design of the hardware parameters of each boost-type PVCs
and DHBSRC should be carried out to optimize the volume and the losses of the converter.
Firstly, the optimum switching frequency of the boost-type PVCs is selected to find an opti-
mum trade-off point between the losses and volume of the boost-type PVCs. The parameters
of the filter inductor and partial voltage capacitors can be designed based on the selected
switching frequency. Guidelines for the selection of commercial inductors and capacitors
are also explained. Finally, the PI control gain can be selected using the selected parameters
and the small signal model of the boost-type PVC.

In order to design the parameters of the DHBSRC, the switching frequency should also be se-
lected to find the optimum trade-off point between volume and losses. Based on the selected
switching frequency, the first harmonic approximation (FHA) model of the converter can be
derived. The parameters of the resonant tank can be determined using the FHA model. The
DHBSRC plays a key role in maintaining the stiffness of V},. Therefore, the actual parameters
of the DHBSRC should have small errors compared to the designed values. The transformer
design is also followed to obtain accurate parameters of the designed value. In addition, the
transformer design is validated by Maxwell simulation models and inductance measurement
results to ensure the accurate power conversion behavior of the DHBSRC stage. The accu-
racy of the transformer design is presented by comparing the design parameters, simulation
and measurement results.

4.1 Operating principle of the multi-port PPC

A schematic of the boost-type PVCs is shown in Fig. 4.1. The input DC sources current is
represented as Ipcx|x=12,.- n, Voltage on the input capacitors are written as vpcx|x=12,- ns
and the output voltage on the bus side is expressed as v,s. The expressions of the voltages,
vpcx and vpyg, are including the DC average voltage and the ripple components due to the
switching. Hence, its DC average value which are Vpcx and Vg can be used for the DC
average model analysis.
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Figure 4.1: Proposed multi-port partial power converter schematics.

The n number of half bridge based boost-type PVCs are connected to the series capacitor
sets [Cyp, Cpp]. All the half bridges connected to [Cy,, Cpp] are identical. Therefore, the
half bridges of boost-type PVCs can be controlled in the same manner. This means that the
investigation of a single half bridge of the boost-type PVCs can represent all the other half
bridges connected in parallel. The switching states and detailed operation of the boost-type
PVCs have already been described in section. 3.2.2, Fig. 3.6 and Table. 3.4. The half bridge
converters of boost-type PVC can force the bidirectional inductor current i, on which flows
from Vpcx to Viys and vice versa. Due to the bidirectional current control capability, the input
port can utilize both of DC sources and loads, respectively.

The DHBSRC is connected between Viys and the partial voltage DC-link sets [Cyp, Cppl.
A partial power (P,) can flow between Vpcx and Vyys through the DBSRC as defined in
(3.4). The equation shows that the DC-transformer can achieve the PPP by processing full
voltage(Viys)-partial current(/,). Since the stiff partial voltage (V}) at [Cyp, Cpp] is manip-
ulated by the DHBSRC, the boost-type PVCs can achieve the PPP by processing partial
voltage-full current. The topology in Fig. 4.1 has the same architecture as proposed in Fig.
3.1 of Chapter 3, input and output power relations and the energy conservation of the pro-
posed architecture follows the principles of (3.1)—(3.9). Based on (3.29), the direction of
P, can be decided by difference between XPpcx and Bys. If ViousZIpcx > XVpexIpex, the
inverter side switches [Syp and Syyp] are enabled (B, flows from Viys to Vpcx). On the other
hand, if VyusXIpcx < ZVpexlbpex. the partial voltage switches [Sys and Sys] are enabled (P,
flows from Vpcy to Vyys). The B, flow mode, its condition, and switching state are organized
in the table. 4.1.
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Table 4.1: boost-type PVC: Definition of operating mode
| Pus—ZPbcx | Ppflow | Enabled Switches | Mode

+ Vous = Vbex Strps Sbrp Forward

- Vius <= Vbex Strs> Sbrs Reverse

4.2 Parameter design of PVC

As shown in Fig. 4.1, each PVC consists of a filter inductor (L), partial DC link capacitors
(Cp> Cop) and a half bridge leg (Six, Spx). The parameters and volumes of the L, Cyp, Cyp
can be changed by changing the switching frequency (fs) of the half bridges of boost-type
PVCs. In addition, the losses of the boost-type PVCs can be changed by the f;. Therefore, to
decide the optimal parameters of the Ly, Cyp, Cpp, the optimal fs should be decided first. To
decide the f;, the relationships between f and the volumes of Ly, Cyp, Cpp should analyzed.
Furthermore, the relationship between f; and losses of half bridges should be evaluated.

Firstly, the relationship between f; and L; can be confirmed by the formula for L¢, as given
in (4.1).

_ VDCX + Vp - Vbus
O-SAIfxfs

where Lgy is the filter inductance of the PVCs, Dy is the duty cycle of the PVCs, and Al is
the target Iy ripple.

Lyx

4.1)

Similarly, the relationship between f; and partial capacitance sets [Cyp and Cpp] can be de-
fined as (4.2), where defining total capacitance as Cj,.

0.5/ peak

G =CotCor="3y 1

4.2)

where G, is the total partial capacitance, I, 1s the peak of irs, and AV}, is the target V;,
ripple.

The volume of Lgk and [Cyp, Cpp] can be estimated using:

AL = K Li I2, (4.3)
Ac = KcCypVy = Kc(Cip + Cop)Vpp (4.4)

where K, is the inductor volume coefficient proportional to the stored energy, Ap is the
volume of the inductor, K¢ is the capacitor volume coefficient, and Ac is the volume of
capacitor [106].

By substituting (4.1) and (4.2) into (4.3) and (4.4), the volumes can be redefined as fol-
lows:
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A1 = K I 4.5
L L Al fo % 4.5)
0.5,
Ac = K¢ e (4.6)
AVpfs P

Finally, (4.5) and (4.6) show that the volume of Lg and C, can be reduced by increasing
Js-

Losses are the other key factor in the design of PVCs. The inductor has two major loss
elements: i) core losses, ii) copper losses). The core losses of Lg in unit volume can be
calculated as:

Pcore - KcorefsaABﬁ (4-7)

where Peore is the core losses of Lgy in unit volume, o, 3 are the stein-Metz coefficients, and
AB is the change of flux density.

The copper losses can be calculated as follows:

Pcopper = IfzxrmsRfo (4.8)

where Peopper 18 the copper losses of L, Iy, 18 the root mean square (RMS) of ify, and Ry g
is the resistance of the inductor winding.

(4.7) and (4.8) show that f; has the major impact on the P.oe. The inductor losses are
proportional to the increase in f.

As expressed in (4.9), the equivalent series resistance of the capacitor represents the losses
of the capacitor.

o

ESR=—5
ew;Cp

4.9)

where o is the dielectric bulk conductivity, € is the permittivity of the dielectric, and s =
21 fs.

The power losses on C, can be calculated as:

Pc =I%_ESR (4.10)
where Fc is the capacitor losses.

The relationship between f; and ESR in (4.9) shows that losses on the capacitor increases
when increases fs.

The change in f; also affects the switching losses Py, of the semiconductors. The switching
losses of Six and Spx can be calculated using the equations (3.18)—(3.27). Considering all
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the losses related to fs (Peore, Pc, and Pyy), the relationship between f; and the losses of the
boost-type PVCs can be investigated.

1
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Figure 4.2: PVC volume and losses relationship between switching frequency: Passive ele-
ment volume curve (Green), and losses curve (Orange).

0

In Fig. 4.2, the variation of boost-type PVCs volume and losses with respect to f; are ana-
lyzed. In order to find the optimal f;, volume and losses per unit (p.u.) are compared on the
same plot. Set the maximum losses at maximum f;, where f; = 180 kHz, as a base losses, the
p-u. losses of the PVCs can be plotted as shown in the figure. In addition, set the upper limit
losses as 0.6 % of the rated power as shown in Table. 3.2, the switching frequency that make
less than 0.6 % of the losses can be decided. In the figure, the orange line represents the p.u.
losses related to f;, which are the Peore, Pc and Pyy,. The curve shows that the total losses of
Peore, Pc and P, are proportional to the f;. As f; increases, the losses also increases. On
the other hand, the volume of the passive components (L¢x and C}) are inversely proportional
to fs;. Therefore, the volume can be reduced by increasing f;. The losses curve crosses the
upper losses limit at 100 kHz. At this point, the volume of the inductor can be small, but
the losses of the converter can increase. The main focus of the proposed multi-port PPC is
to minimize the losses on the power electronics devices. Therefore, allowing 20 % margin
for the losses and considering the trade-off between the p.u. volume and losses, 90 kHz is
chosen as the optimum f; where the volume and losses curve intersect. At this intersection
point, the expected losses are 0.5 % of the rated power (XPpcy)-

After selecting fs, the parameters of L¢, and C;, can be selected. The target input current rip-
ple (Al ) is set to be 40 % of the nominal current (c.f. Table 3.2). The calculated inductance
Ly is 65 pH, using (4.1). The target partial voltage ripple AV}, is 5 % of V},. Using (4.2), the
total capacitance C, of the boost-type PVCs can be calculated as 14 pF.

Next, the volume estimation of the inductor Lk and capacitor C, are calculated to select
the optimal commercial passive component. Using (4.3), the Ap verses L1f2X of commer-



4 Control and power conversion parameter optimization of multi-port PPC 71

45 ‘ —

% Inductor options i" P o)
40 |™ Volume estimation . ﬂ/ v

" Tareet LJ2 range Selected Point |

- Larg xrange | L toachieve —%777—
35 | minimum losses y

30 ~
@ 25 ///
i:’ 20 /

&~ |

10 // Low [ 3
|

5 L /*X ® }
: |

0 |

0 2 4 6 8 10 12 14 16 18 20
LI (m]) LI2=17 m]

Figure 4.3: Inductor volume estimation.

20 — -

% Capacitor options
M Volume estimation
18 |:-- Target CV? range

<

|
|
|
|
|
|
|
16 : ;

| x

T 14 2

£ //
[ S T I R B 7~ R D R I
< 12 A
:/ N
* / | Selected Point
10 “ | to achieve
/ e | minimum volume
-4

8 |- |
. |
6 = |

I 15 2 25 3 35 4 45 5 55 6
CVi(m)) CViz32ml

Figure 4.4: Capacitor volume estimation.



4 Control and power conversion parameter optimization of multi-port PPC 72

cial power inductors (Wiirth Electronics power inductors) and volume estimation results are
plotted in Fig. 4.3. The calculated L1f2X and Ap at nominal current are 17 mJ and 37 cm?
respectively. Given the estimation results, there are three possible options for the commer-
cial inductors that meet the expected LIf2X and Ap. The commercial inductor that has a lower
saturation current (/sa¢) than the nominal current is excluded from the option. In addition,
the commercial inductor that has a lower inductance than target L¢ is also excluded from the
option. The selected commercial inductor satisfies target sy, and L, and it also has a 10 %
LIfZX margin. Fig. 4.5 shows the picture of the selected commercial inductor and the inductor
property is given in Table. 4.2.

Table 4.2: Properties of selected inductor

’ Properties ‘ Symbol ‘ Value ‘ Unit ‘
Inductance Ly 65 uH
Rated Current Liate 17.2 A
Saturation Current Lot 26.6 A
DC Resistance Ry 13.13 | mQ
Length / 36 | mm?
Width w 34.5 | mm?
Figure 4.5: Selected commercial inductor Height h 35 | mm?
from Wiirth Electronics. Volume AL 4347 | cm?

Table 4.3: Properties of selected capacitor

’ Properties ‘ Symbol ‘ Value ‘ Unit ‘

Capacitance G 14 uH
Rated Voltage Viate 250 A%
DC Resistance | ESR 5 mQ

Length [ 31 mm?

Width w 15 | mm?

Figure 4.6: Selected commercial capac- Height h 24 | mm’
itor from TDK. Volume Ac 11.16 | cm?

Similarly, the estimated Ac and commercial TDK capacitors are plotted in Fig. 4.4. The
estimated CpV,, and A, are 3.2 mJ and 13 cm3. The commercial capacitors C,V,, > 3.2 mJ
should be selected to maintain the partial voltage V,,. There are three possible options at
CpVp = 3.75 mJ. Among the three options at Ac = 11.6 cm?, the capacitor with the minimum
volume is selected to reduce the size of the multi-port PPC. Fig. 4.6 shows the image of the
selected commercial capacitor and the capacitor’s characteristics are given in the table. 4.3.
Following the processes of the parameter selection, the L, Cp, selection can be organized by
the flowchart that depicted in Fig. 4.7.
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Figure 4.7: Parameter selection flow for the PVCs of proposed multi-port partial power con-
verter.
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4.2.1 Small signal model and control of PVC stage
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Figure 4.8: Equivalent circuit of boost-type PVCs.

The control of the boost-type PVCs can be designed from their time domain model. The
equivalent model of the single boost-type PVC is shown in Fig. 4.8. The boost-type PVCs
those connected to C,, are the identical half bridge converters. Therefore, the model of the
single PVC can represent all the other PVCs. The positive and negative node of V}, is con-
nected to the DHBSRC which is the DC-transformer stage of the proposed architecture. The
DHBSRC allows the stiff partial voltage by its current flow for the required V},. Therefore,
V) can be simplified to a stiff voltage source. Therefore, the DHBSRC can be simplified as
an ideal voltage source. To make the model accurate, the resistance component (Rg) owing
to its winding is also taken into account for the inductor. Hence, the equivalent circuit of the
boost-type PVC can be modeled as shown in Fig. 4.8. Based on the equivalent circuit in Fig.
4.8 and the state of the boost-type PVC in Table. 3.4, the equations of negative and bypass
states can be expressed as follows:

di, (l)
fx ;t + Rixitx = Vous(t) — vpux (t) —vp(t)  when 0 <t < DyT; 4.11)
digg (t) )
Lix + Rexifx = vpus(t) —vpux(t)  when DTy <t < T (4.12)

dt
where Ryy is the resistance of L.

The average model of the PVC can be derived as follows:

difx (t)
dt

fx + Rexifx = Vpus (t) - vax(t) - stp (4.13)

In order to derive the small signal model, Considering the small perturbation (¥(¢)) added to
the steady-state value (X), (4.13) can be written as follows:
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d (It + I (1)) _
fo%“”fo(Ifx‘f’lfx(t))

= (Vhus + Pbus (t) — Vbex — Ppex () — (Dx — dx (1)) (Vp + (1)) (4.14)

Solving (4.14) with neglecting the second order ripple term, the equation can be expressed
as follows:

d(l_fx ‘|‘l7fx(l))

X dt + fo (I_fx + lex (t) )

The DC steady state terms and the AC small signal terms can be divided from (4.15). The
product of the parasitic series resistance Rgx and average current I, has much smaller value
which is negligible compared to Vs, Vbex, and V,,. Hence, the steady state equation can be
derived as follows:

B Vbus - VDCX

= 4.16
v, (4.16)

The small signal model of the PVCs also can be derived by applying Laplace and inverse
Laplace transform to (4.15). The results of the Laplace and inverse Laplace transform of the
DC voltages s (?), Vpvx(?), and ¥,(¢) are close to zero. Therefore, the small signal model
related to the controlled variable and the actuator can be derived as follows:

v, (s) 4.17)

WO R

Finally, the transfer function of the small signal plant can be written as:

dx(s) LfXS +fo
where Gypx () is the plant of the boost-type PVCs.

Gupx(s) = (4.18)

The control block diagram of the PVC is shown in Fig. 4.9. The partial voltage Vp is
controlled by the DBSRC stage, the boost-type PVCs only need to control the DC input
currents. The reference current (ff, ) is given by the algorithm of the target operation (MPPT,
battery charging, etc.). I, can follow the reference currents by PI current control. The digital
control computation time (¢ *75) and the PWM delay (ZOH) are also taken into account in
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Figure 4.9: Current control loop of boost type PVC stage.

the digital control delay block (G4(s)) [107]. Finally, the boost-type PVCs force the ig by
the switching signals given to it. To follow the reference current from the MPPT, a PI control
(G¢e) 1s used for the current control. The transfer function of the PI control is expressed as
follows:

Tis

1
Geels) = K, (1 + —> (4.19)

where K, is the proportional gain and 7; is the integral time.

The digital control delays block (G4(s)) can be approximated by considering the computa-
tional delay, sampler, and ZOH blocks which can be given as follows:

1
T 15T+ 1
where T is the sampling time. (4.20) shows that the digital control delay block can be

Ga(s) (4.20)

expressed as the summation of computation time 75 (where 73 = 11 ps which is the same as
the sampling time) and the 0.57; PWM delay.

The integration time constant 7; can be derived by the LC time constant T of Gygx which can
be calculated as follows:

fo

RLfX

L=t (4.21)

Hence, the integration time can be calculated by the Lg and Ry ¢ which depicted in the table.
4.2,

The closed loop transfer function of the current control loop can be calculated as follows:

2 2K
Hy, (s) = ;TSfozv — where 20a =, o} = 5t 4.22)
S sdf;

3Ty 3TsLix
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Assuming the critical damping condition where { = 1, proportional gain can be defined as
follows:

K, — - (4.23)
3V, T
Finally, put (4.23) in the closed loop (4.22), Hy,, can be reorganized as follows:
2
Hy, (s) = ;TSZ : (4.24)
S o

S

Furthermore, using the relation in (4.22), the settling time can be calculated by following
equation:

4

Tset:C_w
c

(4.25)

where Ty is the settling time.

Putting { @, in (4.25), the settling time results in Tge; = 133 ps.

4.3 Parameter design of DC transformer

To design the parameters of the DC transformer, the switching frequency of the DHBSRC
(fsrc) should be determined. Changing of fsgrc has an impact on volume of the transformer
(AT). In order to estimate AT, the voltage on the transformer windings should first be found.
The voltage on the V¢ side winding can be derived as follows:

Vp = 27 fsreN1 BmaxAc / V2 (4.26)

where V}, is the RMS voltage on Vi side of the transformer, fsgrc is the DHBSRC switching
frequency, N is the number of the turns on V}4 side, and A, is the core area.

By rewriting (4.26), A. can be defined as follows:

V.
A = P (4.27)
4-44fSRCNleaX

Equation (4.27) shows that increasing fsrc decreases A.. Since. Since,the volume of the
core (A¢o) has the greatest influence on At. Therefore At can be estimated by A, which is
given in (4.28) [108-110].
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Aco = Acle (4.28)
where [ is the length of the core.

The core losses per unit volume of the transformer is also dependent on fsgc. Similar to
(4.7), the core losses of the transformer can be presented as:

Py = Keore féocABP (4.29)

where Py is the transformer core losses per unit volume and K ore, @, and B are the stein-
Metz coefficients [111].

Using (4.27), (4.28), and (4.7) the unit volume and unit losses of the transformer in different
switching frequencies can be plotted as Fig. 4.10. The losses can be analyzed in p.u. by
assuming the losses at maximum fsrc as a base losses of the transformer which is 1.2 %
of rated power (c.f. Table. 3.2). Set the upper limit of the losses is 0.6 % of the total
system power, the losses curve crosses the upper losses limit at 215 kHz. As discussed
earlier, minimizing the losses on the power electronics devices are the first aim of the study.
Therefore, allowing 20 % margin for the losses and considering the trade off between the
losses and volume with respect to the fsrc, the optimum switching frequency fsrc is set at
200 kHz, where the transformer losses are 0.5 % of the rated power.

1 1
I Volume
I [osses /

0.75 // 0.75

S S
g 0.5 Upper limit of Losses 0.5 §
= 1]
E 3
0.25 0.25

Optimal _f;k(i'

0
140 160 180 200 220 240 260 280
fire (kHz)

Figure 4.10: p.u. analysis of DHBSRC: Passive element volume curve (Green), and losses
curve (Orange).
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4.3.1 First harmonic approximation model of DHBSRC

The First Harmonic Approximation (FHA) model, which assumes that the first harmonic
component only affects the power transmission, can be applied to the DHBSRC. The DHB-
SRC current can be considered as a sinusoidal wave whose frequency is equal to the resonant
frequency (f;), neglecting all higher order harmonics [112]. The DHBSRC can be driven by
the fixed duty cycle of 50 % and the fixed switching frequency which is fsrc close to the
resonant frequency f;. Therefore, the FHA model can represent the DHBSRC of the pro-
posed multi-port PPC where the fundamental frequency of the current flows on the resonant
tank is f;.

Figure 4.11: First harmonic approximation (FHA) equivalent circuit of DHBSRC.

The equivalent circuit of the FHA model of the DHBSRC is shown in Fig. 4.11. The switch-
ing of the DHBSRC forces the square wave voltage on the resonant tank. In Fig. 4.11, [Lyp
and C;p| represents the parameters of the resonant tanks on the Vi side, and [Ls and Ci]
represents the V,, side resonant tanks. The same power is processed on the Vs side and
V) sides, respectively. Therefore, the relationship of the resonant tanks can be written as
follows:

L
Lis = N—g (4.30)
Crs = CpN? (4.31)

where N is the transformer turns ratio.

By applying FHA, the square wave voltage can be approximated as a fundamental sinusoidal
waveform V;,. The Fundamental sinusoidal voltage input of the DHBSRC can be presented
as follows:

4
Vip = EVbussin(a)SRct) (4.32)
where WSRC = 277:fSRC~

The RMS of vy, can be calculated as follows:

Vrp = — Vhus (4.33)
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The output voltage on the low voltage side of the DHBSR can be expressed in the same
manner as follows:

4 :
Vis = ENVpsm(a)SRct — @) (4.34)

where vy is the fundamental component of the low voltage side square voltage of DHBSRC
and ¢, is the phase angle between vy, and vis.

The RMS of v, can be written as follows:

2v/2
V= T\/_NVP (4.35)

The RMS of output current i;s can be calculated by applying FHA as follows:

T
I. = ——NI, 4.36
IS 2\/5 P ( )
From (4.35) and (4.36), equivalent AC load can be calculated as:
8N?
Re = 7 R, 4.37)

where R. is the equivalent AC load and Ry, is the equivalent DC load of the PPC which can
be calculated as sz /Py.

The voltage gain of the DHBSRC can be derived by calculating the voltage on R, as depicted
in Fig. 4.11. Using the equations (4.32) and (4.34), the voltage gain, Gsrc, of the DHBSRC
can be given as follows:

jXLIn H (jXLs - jXCs +Re) ) R,
JXLp — jXcp + jXim || (JXLs — jXcs +Re)  jXLs — jXcs +Re

Gsrc(Wsre) = (4.38)

1 1
where Xim = @srcLm, XLp = OsRCLrp, XLs = OsrcLrs, Xc1 = g o> XCs = e

The parameters of inductor ratio &, quality factor Q, and normalize ®, are defined as fol-
lows:

L
p="m (4.39)
Ley
2
o ¥V InlC w0
oy = RC (4.41)
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where @, can be expressed as follows:

1 1
@, = - (4.42)
Using (4.39)—(4.41), (4.38) can be rewritten as follows:
1
Gsrc(Wn,h,0) = - — (4.43)
V(b))
The low voltage side output voltage V), can be obtained by:
Vp = GSRC(wn7h7Q)Vbus/N (4-44)

where Gsre(y,h,0Q) is the gain function of DHBSRC with respect to @y, i, and Q.

4.3.2 Parameter selection and control of DHBSRC

As shown in (4.44), the change of @y, 4, and Q has the impact on the output voltage V,, of
DHBSRC. According to the operating principle of the DHBSRC which shown in Fig. 3.21,
the switch is turned off at the peak of the magnetizing current. The magnetizing current on
the V4,5 side can be calculated as follows:

_ 2V2 NV,
" oL

where I is the Vi, side magnetizing current and Ly, is the Vi, side magnetizing induc-

(4.45)

tance of the transformer.

The total target losses on the DHBSRC is less than 0.005 p.u., hence the target turn off

current can be calculated by using (3.27). Eventually, Ly, can be calculated by using (4.45)
which can be calculated 440 pH.

The leakage inductance of the transformer can be derived by the relationship between leak-
age inductance (Lp) and the self-inductance of the transformer, as follows:

L
k=y/ Ly 1 - = (4.46)
Lt Lsfp

where k is the coupling coefficient of a transformer, Lgg, is the self-inductance of the trans-

former on the inverter bus side, and L is the self-inductance of the transformer on the
partial voltage side.

The relationship of Lgg, and Lggs can be defined by the mutual inductance as follows:
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M = ky/LpLsss (4.47)

where M is the mutual inductance.

The winding turns ratio N can be reorganized by the inverter side and partial voltage side
self-inductance as follows:

ﬁ

N,
N=-P— |=f (4.48)
N Lt
Using (4.47) and (4.48), the magnetizing inductance can be given as:
Linp = kL, (4.49)

Equations (4.46) and (4.48) show that increasing of the leakage inductance can limit the
magnetizing inductance. Furthermore, a higher value of leakage inductance can cause the
higher voltage drop which yields the increasing of the transformer losses. Therefore, to
achieve the target magnetizing inductance which is 440 pH, % is chosen as 20.

2
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Figure 4.12: Gain function of DHBSRC in different quality factor @h =20.

After selecting A, the quality factor Q should be calculated. The gain function in (4.43) when
h = 20 is plotted in Fig. 4.12. The DHBSRC should be operated in the ZVS region where
the switching losses can be minimized. To achieve the ZVS, the current of the DHBSRC
(irp) should lag behind the voltage of DHBSRC (V;;,) based on the switching losses processes
as shown in Fig. 3.10. The phase angle between iy, and Vi, can be analyzed by expressing

the input impedance (Z;,) of the DHBSRC that shown in Fig. 4.11. The Z;, can be expressed
as follows:
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Zin = | Zin e/ (4.50)

where Z;;, is the input impedance of the DHBSRC and ¢, is the phase angle between iy, and
Vip- Equation (4.50) shows that Z;, varies by ¢, (—7/2 < ¢, < 2m): i) when ¢, is greater
than 0, Z;, is inductive, ii) ¢, lower than 0, Z;, is capacitive, and iii) ¢, is equal to 0, Z;, is
resistive. The capacitive and inductive regions can be recognized by the locus of the resonant
peaks (where ¢, = 0) of the gain curve as depicted in Fig. 4.12. The gain curve shows that
ZVS can be achieved when the phase angle Z;, is greater than zero where the DHBSRC’s
current (irp) lag behind it’s applied voltage (Vip). In the previous section, optimal switching
frequency, fsrc is chosen as 200 kHz by considering the trade-off between the volume and
losses. Therefore, the resonant frequency of the DHBSRC is selected as 195 kHz to achieve
the ZVS. The operating point of the DHBSRC is highlighted in Fig. 4.12.

The rest of the DHBSRC parameters can be calculated by using the relationships of 4 and Q.
The Viys side resonant inductance Ly can be derived from (4.39), as follows:

(4.51)

Eventually, C;, can be calculated as 30 nF according to (4.42). Considering Cyp, at the max-
imum load condition of Re, the full load condition occurs (when Vyys — Vpex ~ Vp and Iy =
11 A). Using (4.37), the results can be obtained as 70 Q. Using the obtained values of R,
Lyp, and Cyp, the quality factor Q can be selected as 2.5.

In addition, the magnetizing inductance on the V, side also can be calculated by using the
relationship of the turn ratio of the transformer as follows:

Lms - = (4.52)

Following the design step of the DHBSRC, the parameters of the DHBSRC can be deter-
mined as organized in Table. 4.4. In addition the parameter design of the DHBSRC is
organized by the flowchart, depicted in Fig. 4.13.

4.3.3 Control scheme of DC-transformer stage

A control block of the DHBSRC is depicted in Fig. 4.14. The DC input and inverter side
bus power are measured to select the active bridge of the DHBSRC based on Table. 4.1. If
Poys 18 greater than Ppcy, the duty cycle is given to the inverter bus side switches (Sy,p and
Sup), and the partial voltage side switches (Sprs and Sys) operate as a passive rectifier. On the
other hand, if B, is smaller than Ppcy, the duty cycle is given to the switch sets of [Sprs and
Sus], and [Sprp and Syp] work as the rectifier. Finally, the DHBSRC can control V, with its
switching.
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Table 4.4: Selected DHBSRC design parameters

Parameters ‘ Symbol ‘ Value ‘ Unit ‘
Transformer turns ratio N 2.5 -
DHBSRC switching frequency JSrRC 200 | kHz
Quality factor 0 3 -
Inductance ratio h 20 -
Vus side resonant inductance Lyp 22 pH
Vous side resonant capacitance Cip 30 nF
V) side resonant inductance Ly 3.6 pH
V) side resonant capacitance Crs 183 nF
Vbus side magnetizing inductance Linp 434 uH
V) side magnetizing inductance L 76 pH

Start

‘ Select M, ,n
v
Calculate Ve, Pv

v
Select optimal fsre

\ 4

v
Select A

A

Calculate
CI‘P, pr; me Crs, Lrs, Lms
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Vs ™
- End |
N J

Figure 4.13: Flow chart for DBSRC design.
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Figure 4.14: Control block of the DHBSRC stage.

4.3.4 Transformer design

A precise transformer design is required in order to achieve the expected behavior of the
DHBSRC. The transformer material and core geometry should be selected first, to design
the transformer. There are three materials: 3C96, 3C95, and 3C94, can be considered for
200 kHz switching frequency. 3C96, 3C95, and 3C94 are the MnZn based ferrites and the
material properties of them are shown in Fig. 4.15.

40
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= ~1—3C95
— 30 //'/ T‘\
; )i 3C94
/,
<20 /f/ {
p )’
& S
10 5
PvZﬁOOm‘IW/cm
i
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Operating frequency (MHz)
Figure 4.15: Core material properties of 3C96, 3C95, and 3C94.

The value of fsreBmax 1S proportional to the self-inductance (Lg = L; + Ly,). Hence, the
highest self-inductance can be achieved with 3C95 material which has highest fsrcBmax-
However, based on the material properties in the datasheet, the permeability p of 3C95
material changes sharply with temperature. On the other hand, 3C94 does not get affected
too much by the temperature change, but it could be difficult to achieve the target inductance
because of low fsrcBmax. Therefore, in this study, 3C95 material is selected which has stable
u at different temperatures and close fsrcBmax curve compared to 3C95 material.
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The Stein-Metz coefficients in (4.29) can be determined after the transformer core material
has been selected. Fig. 4.16 shows the core losses at different flux densities and switching
frequencies from the data sheet. Equation (4.29) can be solved by using the values of flux
density (B) and core losses per unit volume (Py) at three different switching frequencies.
The selected points in the figure are: i) B = 40 mT, Py = 70 kW/m?> at 400 kHz, ii) B =
80 mT, Py = 80 kW/m? at 200 kHz, iii) B = 200 mT, P, = 300 kW/m?> at 100 kHz. Using
these values, the calculated Stein-Metz coefficients K., ¢, and 3 are 1.74, 2.76, and 0.05,
respectively.

1 03 200kHZ
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™~

Py (kW/ 1’1’13)
~
S~
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1010 10° 10°
B(mT)

Figure 4.16: Core losses in different flux density and switching frequencies.

In order to use (4.27) for selecting core geometry, the optimal flux density B, should be
decided first. B, can be derived as follows:

(hckaAT )3 {vaSRC} 6 (4.53)

B, = i 7
1.57(pwhwku) 12 (keKeore [ ) 12 L VASRC

where k,, k. and k,, are the constant coefficients, AT is the temperature rise, py is the resis-
tivity of the copper (py = 1.72 nQm), k, is the window utilization factor, K, is the voltage
waveform factor and VAggrc is the VA rating of the SRC. The temperature rise is set to
AT = 65 with a 20 % margin. The typical values of the constant coefficients are k, = 40,
ke = 5.6, kyy = 10 [110]. The DHBSRC performs the open loop switching at 0.5 duty cycle,

so Ky can be defined as 2. The value of VAggc is the same as the maximum B, that the
DHBSRC can handle, which is 3 kW.

After calculating B, by (4.53), the result should be compared with Bg, in the material
datasheet to decide Bpax. Deciding the higher one as Bpnax and putting Bpax into (4.27),
the area of the core can be calculated as 0.0036 m2. The commercial core is selected with a
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volume close to the geometry calculation result (0.0036 m?). The selected core information
is shown in Fig. 4.17. An E core based on 3C95 material is selected for the DHBSRC trans-
former. The A. of the selected core is 0.0032 m?. A detailed core geometry of the selected
E-core is shown in Fig. 4.17.

Table 4.5: Properties of selected transformer
core: E64/10/50

g ’ Properties ‘ Symbol ‘ Value ‘ Unit ‘
= Length ) 64 mm
Width w 50 mm
height h 10 mm
Effective Volume Ve 40700 | mm?
Figure 4.17: Selected commercial Effective length le 80 mm
core: E64/10/50 @fer-| Effective Area Ae 519 | mm?
roxcube. Mass of core m 100 g
« A
< B »
«C» -
| ];: D Table 4.6: Dimensions of se-
! lected transformer core:
i E64/10/50 @ferroxcube
777777 ’ ‘ Value ‘ Unit ‘
Al 64 mm
I B | 53.8 | mm
C| 102 | mm
F D| 102 | mm
E| 5.1 mm
F | 50.8 | mm

Figure 4.18: Geometry of selected trans-
former core: E64/10/50 @fer-
roxcube.

After selecting the material and geometry, the current density J, of the transformer should
be calculated in order to select the wire area Ay, for the transformer winding. J, can be
calculated from the winding area product A, which can be expressed as follows:

V2VAsrc

Ap= 4.54
P 2 fsreBokiKiv/kyAT (%)

where K; = +/hcky / pwkw.
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The current density J, can be calculated by reorganizing (4.54) as follows:

1
K, /0.2AT 8
Jo=[ —V—" (4.55)

Finally, Ay, can be calculated as follows:

b

A, = 2 4.56
w= g (4.56)

In order to wind the transformer, the wire diameter /,, = 2.5 mm is selected based on the
calculation.

The number of the turns on the Vjys side of the transformer N, also can be calculated as
following equation:

Vbus
Ny=——"— (4.57)
P 2fsrcBoAe
where A, is the effective area of the selected core which is in Table. 4.5.
From (4.57), Vyys side turns N, = 15. By using the voltage relationship between Vi, and V,,
of the transformer, turns ratio N can be decided as 2.5. Therefore, the V,, side turns Ny can be

calculated as N, /N.

The core losses of the transformer P.; can be calculated as follows:

Po = AcoKo foABP (4.58)

where A¢, can be calculated by using (4.28) and parameters in Table. 4.5. The calculation
using (4.58) results in Py = 1.2 W.

The copper losses of the transformer occur in the resistance of the winding. The DC resis-
tances of the transformer can be calculated as follows:

Racp = NpMLT,py I3 (4.59)

Ryes = NMLT,pynl; (4.60)

where Rgcp is the Vs side DC resistance of the transformer, Rycs is the V;, side DC resistance,
MLT, and MLT; are the Vi side and V}, side mean length of the turns. MLT, and MLT; can
be calculated by using the core geometry in Table. 4.5 and using the wire diameter derived
from (4.56).
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When a high frequency resonant current flows through the transformer, the current density in
the center of the conductor decreases but the current density near the surface of the conductor
increases. The current flow therefore is limited to the surface region of the conductor with a
skin depth which can be expressed as:

1
> Vafwenpeo oD

Using (4.61), the AC resistances of the windings due to the skin effect can be calculated as
follows:

_ (rw/8)*
Racp = Racp (1 T 81 0.8(r /5)4> (4.62)

_ (rw/8)*
Racs = Racs (1 + 48 —|—0.8<I’w/5)4> (4.63)

Finally, the copper losses of the transformer considering the eddy current effect can be cal-
culated as follows:

Pey = IZRacp + NXI3Rycs (4.64)
where R,cp and R, are the DC resistance of the Vi, side and V}, side winding.

Therefore, the copper losses of the transformer at the rated F, can be calculated by using
(4.64) as P,y = 11 W.

RmZ Rm2
AAN AR
Rm3 Im 1= Rm1 R
84 < Rp R R
Rm3 le an3
Rm2 nilx Rm2
AN

Figure 4.19: Equivalent reluctance of the transformer.

Finally, the self-inductance (Lgf) should be calculated in order to accurately design the trans-
former to match the resonant tank parameters of the DHBSRC in Table 4.4. The inductance
can be calculated from the reluctance of the transformer as shown in Fig. 4.19. The reluc-
tance can be calculated as follows:
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I
Ry = — & (4.65)
.ur.uOAmk

where Ry |k=12,3 are the reluctance of the transformer core. [y is the distance between each
part of the core, U, is the permeability of the material, Uy is the air permeability, and A is

the cross sectional area of the core. The detailed information of /,,x and Ak is shown in Fig.
4.20.

14“13 Am3
AgZ_ Ami =Agl : Agj
1113 [m1 Al:‘lf/,
i 4 Im2 > i /!

Figure 4.20: /nx and Ay information for reluctance calculation.

Using the geometry data in Table. 4.6, [,k can be calculated as follows:

(

E+D
Imi = Im3 = T

(4.66)
A+B

lm2 - 4

\

Ak also can be calculated by using the geometry data in Table. 4.6 which can be written as
follows:

A1 = CF
A-B
A= F (4.67)
2
| Am3 = (D—E)F

Furthermore, the reluctance appears at the airgap (g, c.f. Fig. 4.19) between the two cores.
The reluctance of the airgap can be calculated as follows:

I-LOAgy

Rgy (4.68)

where Ryy|y—1 is the airgap reluctance, and g, is the distance of the airgap. In this study,
the airgap between two cores is go = 0.7 mm. Agy is the cross section of the two cores that
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depicted in Fig. 4.20. It should be noted that Ag| = Ay and Agy = Apy3.

The total equivalent circuit can be simplified and redrawn as in Fig. 4.21. Hence, the total
equivalent reluctance of the transformer can be calculated as:

Rme = 2Rm1 +Rmp + Rm3 +Rg1 ‘|‘Rg2 (469)

2Rm1 2R1113 R'__Q

2R11|] Rgl

Figure 4.21: Simplified equivalent circuit of the transformer.
From (4.69), Viys side self inductance Lggp, of the transformer can be calculated as follows:

2
Ly =L _ N 4.70
sfp — mp"’Lrp—R ( )

me

where Lgg, is the Vi side self inductance of the transformer. Hence, the Vs side self
inductance can be calculated Ly = 467 puH.

The V4,5 side magnetizing inductance can be calculated by substituting the V4, side resonant
inductance from (4.69). The V4,5 side resonant inductance can be calculated as follows:

NZMLT /b, +b
:.LLO p < 1+ 2+bg) (471)

P hi 3
where b is the average width of the Vjs side turns, b; is the average width of the V,, side
turns, h; is the height of the wires, and by is the gap between the wires. by and b, can be
estimated from Ay, N, and Ng. h; is the height of the winding, which is equal to 2E. It is also
assumed that the gap between the windings is by = 0.1.

Substituting the chosen values into (4.71), the V},,5 side resonant inductance can be calculated
Ly = 21 pH. Therefore, by subtracting Ly, to Lgfp, the Viys side magnetizing inductance can
be calculated as Ly, = 4 46 uH. Using the Vi side and V}, side magnetizing inductance
relationship in (4.52), the V}, side magnetizing inductance can be calculated as Ly,s = 71.36
uH. Furthermore, the resonant inductance also follows the same relationship as in (4.30,
hence L = 3.36 pH. Using the relationship in (4.42), the Vi side and V,, side resonant
capacitance can be calculated as C;, = 30 nF, C;s = 183 nF.

A Maxwell simulation is performed to validate the theoretical transformer design. The 3D
Maxwell model of the DHBSRC transformer is shown in Fig. 4.22. The 3D geometries of
the transformer used the same core geometries as in Table. 4.6. The Vy,y and V;, side turns,
wire width and air gap information in the simulation used the theoretical calculation results
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of Np = 15, Ny = 6 and g, = 0.7 mm. Furthermore, the inner winding of the transformer is
Vpus side turns N, and the outer winding of the transformer is V,, side turns N.

==8"
0.7mm

Figure 4.22: 3D-Maxwell model of the DHBSRC transformer.

First, the Viys and V,, side self-inductances are calculated by the simulation. The simulation
results give the Vi, side self inductance Ly, = 463 puH and the V;, side self inductance Lgs =
77 uH. The magnetizing inductance of the Maxwell simulation can be calculated from the
given results of Lgfp, Lsts and the coupling coefficient (&) as follows:

me = 8chsfp
(4.72)
Limg = €ccLsts

where € is the coupling coefficient of the transformer. The &, obtained from the simulation
is 0.96. Using (4.72), it is possible to get magnetizing inductances as: Ly, = 444.5 uH and
Lis = 74 pyH. Furthermore, the Maxwell simulation gives the resonant inductances: Ly, =
18.5 uH and L,y = 3 puH.

The transformer losses can also be derived from the Maxwell simulation. The core loss sim-
ulation of the transformer gives P = 1.3 W and the copper loss simulation of the transformer
gives Py = 10 W.

The transformer can be manufactured based on the turns and airgap that calculated and val-
idated by the simulations. The wound transformer is depicted in Fig. 4.23. A 2.5 mm
diameter litz wire is used for the winding.

The parameters of the transformer are characterized using a power choke tester as shown in
the measurement set up in Fig. 4.24 (a). The voltage and current at the nominal operating
condition for the transformer are applied by the power choke tester and the data is measured
and recorded on the data logger from the laptop. Fig. 4.24 (b) shows the details of the power
choke data logger. The measurement data is logged in the program and the transformer
characteristics are plotted on the measurement results.
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(a)

(b)

Figure 4.23: Result of the transformer winding: (a) side view (b) top view, (c) front view.
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Figure 4.24: Transformer characterization test set up: (a) test set up and (b) power choke

data logger.
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Figure 4.25: Transformer characteristics: (a) Vpys side self-inductance (b) V4, side leakage
inductance, (c) V, side self-inductance, and (d) (¢) V,, side leakage inductance.
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The results of the transformer characterization are shown in Fig. 4.25. First, the self-
inductance on the Vs side of the transformer is plotted in Fig. 4.25 (a). The V;ys side
self inductance measurement is 460 uH, which shows the 1.5 % error between the analyti-
cal results. The leakage inductance characteristic is shown in Fig. 4.25 (b). The measured
leakage inductance is 22 uH, showing the 1 % error between the analytical results. The
self-inductance on the Vj, side of the transformer is shown in Fig. 4.25 (¢). The V,, side
self-inductance measurement is 75 puH which shows the 4.8 % error between the analyti-
cal results. The leakage inductance characteristic is shown in Fig. 4.25 (d). The measured
leakage inductance is 3.5 uH, showing the 4 % error between the analytical results. The
analytical, simulation and measurement results are organized in Table. 4.7. The transformer
parameter results have less than 5 % errors, so the results show that the transformer model is
valid. Finally, the flowchart of DHBSRC transformer design is shown in Fig. 4.26.

Table 4.7: Transformer parameter comparison between analysis, simulation, and measure-

ment
Parameters Symbol | Analysis | Simulation | measurement
Vius Side Self-inductance Ly 467 uH 463 uH 460 uH
Vhus side magnetizing inductance Ly 446 yH | 444.5 uH 438 uH
Vius side Leakage inductance Lyp 21 yH 18.5 uH 22 uH
V) side Self-inductance Lgss 74.72 uH 77 uH 75 uH
V) side magnetizing inductance L 71.36 uH 74 uH 71.5 uH
V), side Leakage inductance Ly 3.36 uH 3 uH 3.5uH
Core losses P 1.2W 1.3 W -
Copper losses Peu 11w 10 W -

4.4 Summary

In this section, the parameter design of the boost-type PVCs and the DC converter is carried
out. To select the parameters for the boost-type PVCs, f; is first selected by considering the
trade-off between losses and volume of the boost-type PVCs. Inductance and capacitance are
selected to achieve the target Al and AV,,. The commercial components are selected based
on the optimal component selection method. The current control of the boost-type PVCs is
designed based on its small signal model. Finally, the design process is organized using the
flowchart.

The parameters design of the DC transformer is also carried out. The f is also selected
by considering the trade-off between losses and volume of the DC transformer. The reso-
nant tank of the DHBSRC is selected based on its FHA model. The transformer is design
so that the exact parameters can be compared with the design values for the FHA model.
The transformer design is performed by analysis, simulation and validated by measurement.
Magnetizing inductance, leakage inductance and transformer losses are calculated by theo-
retical analysis. The Maxwell simulation of the transformer model is performed to validate
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Figure 4.26: Flow chart of DHBSRC transformer design.
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the theoretical model. Finally, the measurement results verify the validity of the analytical
design of the transformer. The design process of the DHBSRC and the transformer is also
given by the flowcharts.
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S Analysis and design of the multi-port PPC

According to the relationship in (3.4), P, processed by the multi-port PPC can be changed
by the operating point of Vpcx, Ipcx and Vyys. The efficiency of the proposed multi-port PPC
can be different due to the amount of P, processed by the multi-port PPC. Therefore, defining
the amount of P, at different operating points is important to analyze the power processing
characteristics of multi-port PPC. Furthermore, to prove the impact of F, processing capa-
bility on efficiency improvement, the relationship between the amount of F, and efficiency
should be analyzed quantitatively.

The partial power ratio (Kp,) is one of the key indicators that shows the amount of power
being processed by the power electronics. By analyzing K, it is possible to check the
amount of PPP of the multi-port PPC at different operating points. Utilization factor (UF) is
another key indicator to assess the amount of PPP. UF indicates the amount of power being
processed by the semiconductor devices. By analyzing the UF, it is possible to quantify the
power dissipation and stress of the semiconductor devices. Furthermore, the relationship
between the PPP and the losses should be validated to check the effect of the PPP on the
efficiency of the multi-port PPC. Based on the analysis of the switch losses, a heatsink can
be properly designed to manage the thermal dissipation of the switches. Once the heatsink
has been designed, the volume and weight of the multi-port PPC can be quantified. A volume
and weight measurements proved detailed hardware information about the multi-port PPC.
Therefore, a critical component that may affect the volume and weight of the multi-port PPC
can be checked by using the volume and weight measurements.

5.1 Partial power processing characteristics of the multi-port PPC

In order to investigate the amount of the partial power processed by the multi-port PPC. the
partial power ratio (Kp;) should be investigated. K can be calculated using the following
equation:

EPDCX ZVDCXIDCX
where K, is the partial power ratio, F, is the partial power, and XPpcy is the total DC input

Kpr = (5.1)

power.

(5.1) shows that K is the ratio between the total DC input power and the partial power. The
amount of P, can be changed by D, as shown in Fig. 3.2. Furthermore, changing the turns
ratio can also affect the amount of P, that processed by the proposed PPC. To see the impact
of N and Dy on B, (5.1) should be rearranged with respect to the equation of N and Dx.

Using the relationship in (3.8) and the voltage relationship of DHBSRC that V;, = Vi,u5/N,
the equation can be reorganized with respect to Vpcy as follows:
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D
VDCx == (l - WX)Vbus (52)

Equation of K, in (5.1) can be expressed by the equation related to Dy and N, which is
obtained as follows:

VpZDxIDCx

= 53
Vbusz'(1 - %)IDCx 6
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Figure 5.1: Partial power ratio (K,) variation depending on duty cycle (Dx) and turns ratio
(N) of multi-port PPC.

The variation of K, with respect to Dy for different N values can be plotted as shown in Fig.
5.1. The relationships of (5.3) shows that K, value can be changed by the change of Dy.
In the figure, K, decreases as Dy increases. This means that the amount of P, processed by
the multi-port PPC decreases at Dy increases, which validates the relationship in (3.5). In
addition, lower K, can be achieved by higher N values. According to the voltage relationship
Vo = Vous /N) of the DHBSRC, as N increases the value of Vp decreases, which eventually
reduces the power processed by the PVP stage. However, due to the low value of V,, Ky is
not significantly changed by change in Dy. In this study N is equal to 2.5 where the PPC has
a wide Dy range from 0.1 to 1. Furthermore, K,; changes from 0.42 to 0.1 which means the
maximum 42 % of Ppcx can be processed by the proposed multi-port PPC.

The analysis of K, in different Vpcx and Ipcx conditions is shown in Fig. 5.3. In the graph,
Vbcx range is from 1 to 0.6 because the possible voltage tracking range is limited by V}, as
shown in (3.10). The analysis shows that K, decreases as Vpcx increases. This means that
Vbex = Vous, the power processing of the multi-port PPC can be reduced. Reducing Ipcx also
reduces K. The less power the multi-port PPC can handle, the lower the DC input current.
When Vpcy s equal to Vi, Six of the boost type PVCs is always on and it bypasses Ipcx to
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Vpus side. The DC transformer performs V), control, but £, is close to 0, when Vpcy is equal
to Vipus. Hence, K, does not show a significant change because the less than 10 % of the
total input power is handled by the multi-port PPC. On the other hand, the largest amount
of power processing can be seen at Vpcx = 0.42 p.u. and Ipcy is 1 p.u. (rated current). At
this point, the DC transformer processes the maximum F, due to the relationship between
Vbex and Vi in (3.3). Furthermore, ¥Ppcy is reduced by the reduction of Vpcx. Therefore,
the proportion of P, relative to XPpcy increases. Therefore, the DC transformer processes a
maximum of B, and 42 % of XPpcx is processed by the multi-port PPC.

Using the (5.1) and V), = V4,5 /N, (4.1) can be reorganized as follows:

(NVDCX - (Dx - N)Vbus)Tsw

L = 54
fx NAIy (5.4)
1 T T
— K»—=0.45
09r i 1
KpVT - Kpr:0.4
08r Kpr:035 7
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Figure 5.2: The optimal inductance (Ly) for different N at different K, conditions.

The optimal inductance for different N and K}, conditions is plotted in Fig. 5.2, based on
(5.4). The analysis shows that the optimal inductance can be very small due to the low
power processed by the proposed PPC (only 10% of By is processed by the proposed PPC),
when K = 0.1. On the other hand, when K, = 0.45, which is the maximum F, that can be
processed by the proposed PPC, the required inductance is between 0.4 and 1 p.u. The power
handled by the PPC increases, so the PPC requires a higher inductance. In addition, by using
higher N, the lower voltage V}, can be made according to the relationship of V;, = Vi,5/N.
Therefore the lower L can be used by using higher N.

Utilization factor (UF) is another key indicator which shows the total utilized power by the
semiconductor devices. In order to derive the UF equation, component stress factor (CSF)
should be calculated as follows:



5 Analysis and design of the multi-port PPC 100

Figure 5.3: Partial power ratio (Kp;) of the multi-port PPC in different current and voltage
conditions.

1 Ton ;
Ps T3 fO Vasx (t)iax (1) dt _ DyVaxlax
LPpcx XVbexIpex XVbexIpex
where Py is the processed power of the semiconductor devices, vgsx(¢) is the drain-source

CSF = (5.5)

voltage on each semiconductor device, igx(?) is the drain current of each semiconductor
devices, Vg is the average voltage between each switch, and Iy4x is the average current of
each switch.

The CSF shows the average power dissipated by each semiconductor device. To calculate
the total power dissipated by the semiconductor devices, the sum of the CSF should be
calculated. Finally, UF can be expressed by the following equation:

Z‘fl)xvdxldx
UF=2XCSF= ——— (5.6)

EVbexIpex
Equation (5.6) shows that UF is the ratio between the total processed power of the semicon-
ductor devices and the total input power. Therefore, the amount of the utilized power by the
semiconductor device can be characterized by the UF analysis. The UF of the multi-port

PPC under different Vpcx and Ipcx conditions is shown in Fig. 5.4.

In Fig. 5.4 (a), the UF characteristics of the PVCs are plotted. The figure shows that Vpcx
has no effect on the variation of the UF of the PVCs. The partial voltage V, = 150 V is
stiffly maintained by the DC transformer, so the voltage between the PVCs is not affected
by the change of Vpcx. The variation of Ipcy only affects the variation of UF of the PVCs,
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Figure 5.4: Utilization factor (UF) of the multi-port PPC in different current and voltage con-
ditions: (a) UF of partial voltage converters (PVCs), (b) UF of DC transformer,
and (c) UF of total system.
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which has a proportional relationship between UF. The maximum UF can be seen at UF =
0.4 which means that maximum 40 % of XPpcy is utilized by the semiconductor devices of
PVCs.

Fig. 5.4 (b) shows the UF characteristic of the DC transformer. The analysis shows that
an increase in Vpcy results in a decrease in UF. As described in (3.3), B, decreases when
Vbex is close to Vyys. In addition, P, at the DC transformer can be reduced by reducing Ipcy.
Therefore, UF decreases proportionally to the decrease of Ipcx. The maximum UF can be
seen UF = 0.35, which means that maximum 35 % of XPpcy is utilized by the semiconductor
devices of the DC transformer.

The UF of the entire multi-port PPC system is shown in Fig. 5.4 (c¢). Calculation of the ratio
between the average CSF and XPpcx shows that a maximum of 75 % of XPpc is utilized by
the semiconductor devices of multi-port PPC.
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Figure 5.5: The relationship between XPpcx, UF, and Kj,; when Vi, = 400 V.

The relationship between UF and K, in different XPpcy conditions is plotted in Fig. 5.5. The
analysis shows that UF and K,; have a proportional relationship. As K, decreases, P, of the
multi-port PPC decreases, which yields the power utilization reduction of the semiconductor
devices. Furthermore, according to the relationships in (3.4), the analysis shows that the
processed power of the PPC can be reduced as XPpcy increases.

5.2 Loss and efficiency analysis of the multi-port PPC

To validate the impact of PPP on efficiency improvement, the losses of the multi-port PPC
should be analyzed. The multi-port PPC can flow P, bidirectionally, which direction can
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be decided by following the relationship in (3.4). According to the operating principle of
the DHBSRC that shown in Table. 4.1, the bidirectional P, flow can be forced by changing
the active bridge (V,, side or Vi side) of the DHBSRC. Following (3.27), the losses of the
DHBSRC can be different by changing the active bridges, either V,, side bridge or Vy side
bridge.

The equations of (3.17) and (3.27) can be used to calculate the semiconductor losses of the
multi-port PPC. Using those two equations, the losses of each single semiconductor device
can be calculated as:

Pl:Pcon+Psw (57)
where P, is the semiconductor losses.

The losses of the single semiconductor device P, can be calculated by adding the conduction
and switching losses. Therefore, the total losses of the semiconductors can be calculated
as:

Pitoyy = LB = Pyst1) + Bsb1) + - - - + Pisx) + Pisbx) + Biues) + Pors) + Perp) + PAorpy (5-8)

where P 1s the total semiconductor losses of multi-port PPC, B is the semiconductor
losses of each switch. The equation shows P can be calculated by adding losses of to-
tal semiconductor devices of the multi-port PPC. Finally, losses can be analyzed by using
(5.9).

The semiconductor loss analysis of forward mode at different operating points is shown in
Fig. 5.6 (a). When the DHBSRC is in the forward mode, the switches of Vyys side (Syp and
Sprp) are enabled. The voltage across switch sets of the [Syp and Sprp] is equal to Vi, but
the partial current I, can be processed by the PPP characteristics. To process the full voltage
across Syp and Spyp, 650 V level MOSFET is applied as shown in Table. 3.3. Furthermore,
the voltage across the boost type PVCs is V}, and the 250 V level MOSFET are applied as
shown in Table. 3.3. The analysis of forward mode shows maximum losses can be observed
at the point of minimum Vpcx and maximum /. The p.u. losses show that 1.5 % of the
total power is dissipated by the semiconductor devices of the multi-port PPC in the forward
mode. The minimum semiconductor losses can be observed when Vpcy is close to Vi,s and
its value is 0.6 %.

The forward mode losses of the nominal and worst operating conditions are shown in Fig.
5.6 (b). During the nominal operating condition, the semiconductor losses are 1.2 % of the
rated power. The loss analysis of each stage of multi-port PPC also can be seen in the figure.
According to the analysis results, the losses of the boost type PVC stages are 0.8 % and the
losses of the DC-transformer stage are 0.4 % during the nominal operating condition. During
the worst operating condition, as mentioned before, the total semiconductor losses are 1.5
%. In the worst operating condition, the losses of the boost type PVC stage are 0.8 % which
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Figure 5.6: Forward mode loss analysis of multi-port PPC at different operating points: (a)
forward mode losses at different operating points and (b) p.u. losses of the nom-
inal and worst operating conditions.
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is the same as the nominal operating condition. Comparing the two conditions, the current
and voltage at the PVC stage are the same. However, the voltage gap between the DC input
and inverter side bus (Vyus — Vbcx) is higher when the worst operating condition. According
to the relationship in (3.4), the higher Vy,,s — Vpcx makes the higher power processing by the
DC-transformer. Therefore, the losses of the PVC stage does not change but the losses of the
DC-transformer increases to 0.7 %.
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Figure 5.7: Reverse mode loss analysis of multi-port PPC at different operating points: (a)
reverse mode losses at different operating points and (b) p.u. losses of the nomi-
nal and worst operating conditions.

The semiconductor losses of the reverse mode at the different operating conditions are ana-
lyzed in Fig. 5.7 (a). When the DHBSRC is in the reverse mode, the switches of V, side (S
and Sy) are enabled. The voltage across the switch sets of [Sys and Sys] is V,, and it is the
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same voltage level as the MOSFETs of the PVCs. The analysis of reverse mode shows that
the maximum losses can also be observed at the point of minimum Vpcx and maximum /.
However, compared to the losses of the forward mode, the maximum losses of the reverse
mode are reduced 45 %.

The nominal and worst operating conditions losses of the reverse mode are shown in Fig. 5.6
(b). The analysis shows that losses of the PVCs do not change compared to the forward mode
losses. This is also due to the relationships of (3.4), where the current and voltage across
the PVCs in the reverse modes are the same as those in the forward mode. However, the
semiconductor losses of the nominal operating condition are 0.85 % which has 30 % losses
reduction compared to the forward mode. As discussed before, V}, side switches of the DC-
transformer make less semiconductor losses compared to V;,¢ side switches of it. Therefore,
losses of the reverse mode can be reduced compared to the forward mode. Furthermore, the
semiconductor losses of the worst operating condition of the reverse mode is 1.15 % which
is 25 % higher than the semiconductor losses of the nominal condition, also by following the
relationships of (3.4). The loss analysis of both modes shows that the amount of losses has
the same tendency as the UF at the different operating condition. The lower losses can be
observed at lower UF. The loss analysis proves that decreasing UF impacts on the decrease
of the semiconductor losses of the multi-port PPC.

The forward and reverse mode efficiencies of the multi-port PPC can be analyzed as shown
in in Fig. 5.8, based on the loss analysis. Firstly, the forward mode efficiency is shown in
Fig. 5.8 (a). The maximum efficiency of the forward mode is estimated to be 98.9 % and
the efficiency of the nominal operating point can be calculated as 98.6 %. The operating
point of the maximum efficiency can be observed at the same point of the minimum UF. The
efficiency decreases as the difference between Vs and Vpcx becomes larger. In this case,
the larger amount of P, is processed by the DC transformer stage. Therefore, more power is
dissipated compared to the point where Vg 1s close to Vpcx. The efficiency of the reverse
mode is shown in Fig. 5.8 (b). The maximum efficiency of the reverse mode is estimated
to be 99.45 % and the efficiency of the nominal condition is 99.1 %. As discussed in the
loss analysis, the reverse mode efficiency is higher than the forward mode efficiency due to
the less power dissipation by the DC transformer stage in the reverse mode. The maximum
efficiency can be observed at the point of the minimum UF. In addition, the higher voltage
difference between V;,, and Vpcx, the more power dissipation can be observed.
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Figure 5.8: Efficiency analysis at different operating conditions: (a) forward mode efficiency
estimation and (b) reverse mode efficiency estimation.
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5.3 Laboratory scale prototype design

A prototype is designed to validate the concept of the proposed multi-port PPC. To build the
lab scale prototype, the number of input ports is chosen as n = 2. The specification of the lab
scale prototype is organized in Table. 5.1. The switching devices and passive elements for
the prototype are selected using optimal device selection methods. However, to satisfy the
thermal constraints of the switching devices, the heat sink design should be performed.

Table 5.1: Parameters of the multi-port PPC prototype

Targets ‘ Symbol ‘ Value ‘ Unit ‘
Number of DC inputs n 2 -
Rated input voltage Vbex 360 A%
Rated input current Ipcx 11 A
Bus Voltage Vous 400 \'%
Partial Voltage Vo 150 A%
Rated system Power Pyys 8 kW
Filter inductance L1, Ly 65 uH
Partial capacitance G 14 uF
Transformer turns ratio N 2.5 -
Control bandwidth Jec 4800 | Hz

5.3.1 Heatsink design of the multi-port PPC

The equivalent thermal resistances of the multi-port PPC prototype for two DC inputs are
shown in Fig. 5.9 (a). There are three major thermal resistance components that should be
considered. First thermal resistance component should be considered is junction to case (Rjc)
thermal resistances of each switch of the PVCs (Sy1, Si2, Spi, and Spo) and SRC (Strp, Sis,
Sprps and Sprs). Rjc1 ~ Rjes are the thermal resistances of the PVC switches that of [S, Sp,
Sp1, and Sp2], Rjcs, Rjcs are the thermal resistances of the DHBSRC on V;, side which are [Sys
and Sps], and Rjc7, Rjeg are the thermal resistances of the DHBSRC on Vy,ys side, which are
[Strp and Sprp]. Secondly, the thermal resistances of the thermal pad (Rc), which is placed
under the switches, are considered. Finally, the thermal resistance of heatsink (Rp,), which
is placed under the thermal pad, is considered.

The equivalent circuit of the thermal resistances can be simplified as shown in Fig. 5.9
(b). The switches are connected to the heatsink by the thermal pad. Assuming that the heat
distribution on the heatsink (/) is uniformly distributed, the junction temperature of each
switch can be derived from the following equation:

]] =T+ chmpl + Rehm P + Rhapl(tot) (59)
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Figure 5.9: Heatsink design: (a) thermal model of the heatsink, and (b) equivalent circuit of
the thermal resistances.
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where m=1,2,--- 8, T; is the junction temperature, T, is the ambient temperature, Ry, is the
heatsink to ambient thermal resistance, and Pyor) is the total losses of the multi-port PPC.

Reorganizing (5.9) with respect to Ry,, the required heatsink resistance equation can be writ-
ten as:

P T —T.
Rpa = 1 <J :

—Rien — Ren ) (5.10)
Bitot A jem e

As assumed before, 7, are the same for all switches. Furthermore, the temperature of each
point, Ty, Tcm, and Tjy,, can be calculated using the results of the loss analysis and relationship
between temperature and losses in (5.9). Therefore, Ry, can be determined by considering
the maximum 7, where each switch of multi-port PPC can operate under the maximum
thermal limit.

As shown in the losses analyzed in Fig. 5.7, the highest losses can be shown when Vpcx
has the lowest value at the rated current in the forward mode. Using the loss analysis re-
sult in Fig.5.6 (b), the absolute value of the highest total losses can be calculated as 120
W. Furthermore, the absolute losses of the PVC and DC-transformer switches at the worst
condition can be calculated as 64 W and 56 W, respectively. Assuming that the losses are
equally distributed for each switch of the PVC and DC transformer, each switch of boost
type PVCs (BSC430N25NSFD) dissipates 16 W, V,, side switches of the DC transformer
(BSC430N25NSFD) makes 16 W losses by each switch, and V4, side switches of the
DC transformer (IPB65R110CDF) shows 20 W losses by each switch. According to the
data sheet of the switches in Table. 3.3, a junction to case thermal resistance (Rjc) of the
BSC430N25NSFD is 0.6 K/W and Rj. of the IPB65R110CDF is 0.77 K/W. A thermal re-
sistance of the thermal interface is 0.4 K/W in 0.0001 m?. Therefore, assuming the ambient
temperature is T, = 25 °C and set the target junction temperature as 7; = 125 °C, the required
Rp, can be derived as Ry, = 0.6 K/W by applying the formula of (5.10). To achieve the tar-
get Tj and considering the possible area of the heatsink, an aluminum pin fin heatsink with
Rn,= 0.6 K/W (with air cooling) is selected for the prototype. The details of the heatsink are
shown in Fig. 5.10 and Table. 5.2.

Table 5.2: Properties of selected heatsink

Properties ‘ Symbol ‘ Value ‘ Unit ‘

Material - Aluminum -
Thermal R. Rha 0.6 K/W
Length ) 50 mm
“ Width w 50 mm
“ S Height h 25 | mm
Volume Ans 62.5 cm?
Figure 5.10: Ry, = 0.6 K/W heatsink. weight Wg 11.16 g
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5.3.2 Specifications of the prototype

The top side view of the multi-port PPC prototype is shown in Fig. 5.11 (a). The lab scale
prototype has two DC inputs, each with a rated power of 4 kW. Therefore, the total power of
the DC input side is 8 kW. A partial power of 3 kW is processed by the two half bridges and
the DHBSRC. The switches of the multi-port PPC are located on the top side of the PCB.
The ceramic capacitors used for resonant capacitors are also placed on the top side of the
DHBSRC. The bottom side view of the prototype is shown in Fig. 5.11 (b). On the bottom
side of the PCB, the filter inductors of two ports L¢; and Ly are placed. The inverter side DC
bus capacitors Cy, Cpp, and the transformer of DHBSRC are also placed on the bottom side
of the PCB. Furthermore, a heatsink with the fan is placed on the bottom side to dissipate the
heat from the semiconductor devices.

The measured volume and weight of the prototype are also given in Fig. 5.11. The length
of the prototype is 150 mm, the width is 120 mm, and the height is 37 mm. Based on these
dimensions information, the volume of the prototype can be calculated to be 665 cm? . The
weight of the prototype is also measured to be 952 g. The power density of the prototype can
be calculated to be 4.5 W/cm?.

Fig. 5.12 shows the relative weight of each component of the multi-port PPC. The plot shows
that the magnetic components: transformer and inductor; charges more than 50 % of the total
weight. Due to the core and copper windings, the weights of the magnetic passive elements
are higher than the other components.

Fig. 5.13 shows the relative volume of each component of the multi-port PPC. The volume
of the prototype is measured as 665 cm>. The auxiliaries charges 40 % of the volume which
includes auxiliary power supplies, connectors, and sensors. Apart from the auxiliary circuit,
the transformer and inductor charges 30 % of the total volume.

5.4 Summary

To characterize the PPP of the multi-port PPC in the different operating conditions, the anal-
ysis of K and UF are performed. The analysis of K,,; shows the amount of F, that is pro-
cessed by the multi-port PPC at different operating conditions. Due to the PPP capability of
the multi-port PPC, it can process a maximum of 60 % of XPpcx. The analysis of UF shows
that the semiconductors of the multi-port PPC can utilize a maximum of 40% of XPpcx. To
validate the impact of the PPP on the losses of the multi-port PPC, the loss analysis of the
multi-port PPC is also carried out. The losses can be different in the forward mode and
reverse mode operation due to the change in the active bridge (V,, side or Vi side) of the
DHBSRC. The loss analysis shows that the reduction of PPP and UF causes the multi-port
PPC to have lower losses. In addition, the detailed forward and reverse mode loss analysis
of each device shows that the losses of the DHBSRC have the most significant change at the
mode change. The efficiency of the multi-port PPC is also estimated, using the previous loss
analysis results which include semiconductor losses, inductor and transformer losses. The
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Figure 5.11: The multi-port PPC prototype: (a) top side view and (b) bottom side view.
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efficiency estimation shows that the forward mode efficiency can reach maximum 98.9 %,
and 98.6 % at the nominal operating point. The reverse mode losses can reach maximum
99.45 % and 99.1 % at the nominal operating point. Furthermore, the absolute values of the
losses of each converter stage and each component are calculated to design the heatsink for
the prototype. This allows the semiconductors can be driven below the maximum thermal
limit. Using the heatsink design method, the thermal resistance of the chosen heatsink is
Rna = 0.6 K/W. The detailed description of the hardware is given with its schematics. The
weight and volume of the hardware information is also measured in detail and plotted in the
pie chart.
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6 Validation of the multi-port PPC concept

Using the prototype shown in Fig. 5.11, the validation of the proposed multi-port PPC con-
cept is carried out through experiments. Fig. 6.1 shows the laboratory set up of the multi-port
PPC experimental sets. Two DC power sources are used for each input port and a DC load
is used to emulate the inverter side DC voltage. The additional power sources are used to
power the auxiliary circuits such as gate drivers, low voltage power supply and sensors on
the prototype. The control of the multi-port PPC is implemented on the RT-box, which is
the hardware-in-the-loop real-time embedded system. The power analyzer (YOKOGAWA
WT3000E) is used to measure the efficiency of the prototype. A detailed experimental con-
ditions are organized in Table. 5.1.

Figure 6.1: Laboratory setup for the experiments.

In this section, the input output steady state voltage and current characteristics of the pro-
posed multi-port PPC are measured. As discussed in Table. 4.1, the proposed PPC can
operate in two modes: forward mode and reverse mode. Therefore, a transition from reverse
to forward mode is validated by the experimental results. Furthermore, the effects of the
step current and voltage changes on the partial power are also proved. The efficiency of the
whole system is measured with the power analyzer and the peak efficiencies of the forward
and reverse modes are shown. Finally, the comparison between the proposed multi-port PPC
and the benchmarks is performed to show the advantage of the proposed multi-port PPC
architecture.

6.1 Experimental results of the multi-port PPC concept

To validate the partial voltage maintenance of the multi-port PPC and the current control
capability, the steady state voltage of the transformer, the inductor current (/f;) and the DC
input voltage (Vpc1) of single port are measured. Fig. 6.2 shows the measurement result. The
green color waveform is the input DC voltage, and it is given by the DC source connected
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Figure 6.2: Steady state waveforms: DC input voltage of portl (green), inductor current of
portl (red), transformer voltages at Vyys side (yellow), and transformer voltages
at Vj, side (blue).

to the portl, which value is Vpcy = 360 V. The DC bus voltage of the inverter is controlled
by the DC load in V4,3 = 400 V. The yellow waveform shows the Vi, side transformer
voltage, and it shows that 400 V is applied. The blue waveform shows the partial voltage
side voltage of the transformer is Vi, = 150 V. This validates the stiff voltage maintenance of
the DHBSRC. Furthermore, the filter current (red color waveform), shows that the multi-port
PPC can force the target current, the reference value of which is Iy; = 11 A.

According to Table. 4.1, the proposed multi-port PPC has two modes by the change of
Bous — XPpcx. The mode change of the multi-port PPC is validated by the experiment in
Fig. 6.3. In the figure, a reference current of 11 A is given to the portl current (/s;) which
is the green color waveform. Portl is in the forward mode by forcing the Iry; = 11 A. The
yellow waveform shows the port2 current (I;), and it shows the direction of Iy, changing
from -8 A to 11 A. Even with the mode change of I, It still follows the reference current.
Furthermore, V), the blue waveform, is also stiffly controlled by the DHBSRC. The red
color waveform shows resonant current (/;) of the DHBSRC. The peak to peak current (Irpp)
changes from 1 A to 3 A when the port2 mode changes. According to (3.4), the change of P,
on the DHBSRC can be decided by Vi, XIpcx — EVpexIpex. According to the relationship, if
port2 is in the reverse mode with -8 A, only 40 W is processed on the DHBSRC. If port2 is
in the forward mode with 11 A, the DHBSRC will process 1 kW. Therefore, I, is increased
by the increase in power processed on the DHBSRC.

The waveforms when port2 is in the reverse mode are highlighted in Fig. 6.4. In the figure,
Iryp = 11 A which is in the forward mode, I, = -8 A which is in the reverse mode. The
half bridges of portl, port2, and the DHBSRC should be driven simultaneously in order
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Figure 6.3: Portl inductor current (green) and port2 inductor current (yellow), partial voltage
(blue), and resonant current (red) when the mode change of the multi-port PPC.
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Figure 6.4: Multi-port PPC waveforms at the reverse mode: portl inductor current (green)

and port2 inductor current (yellow), partial voltage (blue), and resonant current
(red).
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to apply the multi-port PPC for the smart home applications. In addition, the /r; and Iy,
can be controlled individually to apply the different DC sources to the input. In the figure,
the half bridges can force Iry; = 11 A, I, = -8 A individually and simultaneously. The
DHBSRC processes the P, between the DC inputs and Vs by flowing resonant current ip.
As discussed earlier, B, = 40 W can be calculated by applying the relationship of equation
(3.4). Therefore, the DHBSRC is driven at the light load.

ie | Edl | VWetiesl = Honzioy | Ty | Dessisy | Cersers | Heddae | Mask | b MySceps | Anahze | Ulbiies | Help l;_l] EH i:] [_:(_F
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Figure 6.5: Multi-port PPC waveforms at the forward mode: portl inductor current (green)
and port2 inductor current (yellow), partial voltage (blue), and resonant current
(red).

In Fig. 6.5, both of It and Iy, are in forward mode. I and Iy are flowing to the same
direction. Therefore, the XPpcy is increased compared to the experiment of 6.4. According
to the relationship in (3.4), the power on the DHBSRC is increased to F;, = 1 kW. Therefore,
Irp increased to 3A compared to Fig. 6.4 where iy, is 1 A.

In Fig. 6.6, a step current reference change is applied to check the dynamic response of
the current control by using Portl at Vi, = 400 V. The result shows that /t; can follow the
reference current change with the settling time of /f; is 130 ps as the current control that
designed in (4.25). The current ripple (Alf) is 4.4 A which is 40 % of the nominal current as
designed. The voltages Vpc and V,, have no influence on the variation of If;. As the current
increases, the I, across the DHBSRC also increases from 0.2 A to 1 A which follows the
relationship in (3.4).

The impact of the input DC voltage step at Vy,s = 400 V is shown in Fig. 6.7. The input DC
voltage Vpc; is increased from 270V to 360V. The It is controlled at 11 A. When the voltage
step is given, V,, and If; are disturbed for a short time. However, thanks to the DHBSRC, V,,
can be controlled at 150 V. In addition, the /; also can be controlled in 11 A by the current
control. The change of the partial current I, can be observed at the step of Vpc;. The change
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Figure 6.7: Waveforms when the inductor voltage step at /f; = 11 A: portl inductor current
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of the I, follows the relationship in (3.4). When Vpc; = 270 V, the amount of partial power
P, is 1.4 kW. Using (3.4), the calculated current I, is 3.57 A. When the voltage becomes
Vbc1 = 360 V, I, drops to 0.4 A.

To validate the efficiency of the multi-port PPC, the forward and reverse mode efficiency
measurements are performed on the entire system. The results of the efficiency measurement
are shown in Fig. 6.8. P, = 3 kW, thus the measurement range can be down to 5 kW
according to (3.10). The dots represents the measured efficiency and the lines represents
the estimated efficiency. The forward mode efficiency can be as low as 98.6 % when PPC
is operating at the maximum power. The maximum efficiency of the forward mode is 98.9
9% at 7 kW load. The reverse mode efficiency is higher than the forward mode efficiency
as previously analyzed. The efficiency of reverse mode is 99 % to 99.2 %. In addition, the
measurements and the estimations has minor errors which is less than 3 %.
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Figure 6.8: The comparisons of estimated efficiency of forward mode (blue line), measured
efficiency of forward mode (blue circle), estimated efficiency of reverse mode
(orange line), and measured efficiency of reverse mode (orange circle).

The peak efficiency is measured with the power analyzer. The results of the forward and
reverse mode measurements are shown in Fig. 6.9. The forward mode peak efficiency is
shown in Fig. 6.9 (a), the measurement result is 98.9 %. The peak efficiency of the reverse
mode peak is shown in Fig. 6.9 (b). The measurement shows that its peak efficiency is 99.2
%.
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Figure 6.9: Peak efficiency measurement results: (a) forward mode peak efficiency, and (b)
reverse mode peak efficiency.
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6.2 Comparison of benchmark and proposed architecture

The volume comparison between the proposed multi-port PPC and the benchmarks in the
target P/n region (shown in Fig. 2.22) are shown in Fig. 6.10. In the figure, the blue
color shows the volume of the inductor (Ar), the orange color shows the volume of the
capacitor (Ac), the yellow color shows the volume of the transformer (At), and the purple
color shows the volume of the switching components (Agy). [81] has the largest volume due
to the use of the transformer. The FRPC converter based PPP architecture of [67] where the
architecture does not need the the transformers. Therefore [67] has 30 % less volume than
[81]. The proposed architecture can reduce the volume in 70 % compared to the benchmarks.
The proposed PPC can apply the partial voltage and current rating of passive and active
elements. Therefore, the volume also can be reduced by the proposed architecture using the

transformer.
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Figure 6.10: Volume comparison between benchmarks ( [67]: 10 kW FRPC and [81]: 6.5
kW PPC), and the proposed architecture.

The spider chart in Fig. 6.11 shows the overall comparison between the benchmarks and the
proposed architecture. The analysis in the chart shows that [67] has the highest efficiency
and modularity. [67] can use the partial power rating switching module, thus the DC-DC
converter stage can be easily implemented by using the same switching modules. However,
the architecture used the full power rating inductor and capacitors, which greatly affect on
the volume increase. Therefore, the proposed multi-port PPC shows the improvements on
the volume and cost reduction by using partial rating power electronic devices. In addition,
the specific weight (kW/kg) is estimated by using the hardware information from the articles.
The estimated results of the specific weight also shows that the proposed multi-port PPC can
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decrease the weight of the converter for the smart home applications. The other PPC solution
of [81], shows lower efficiency compared to the others. [81] can achieve 99.5 % efficiency
at the target P/m area. but it could not achieve the volume and cost reduction of the PPC
architecture.
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Figure 6.11: Spider chart for the comparison between benchmarks ( [67]: 10 kW FRPC and
[81]: 6.5 kW PPC), and the proposed architecture.

6.3 Summary

To validate the performance and the validity of the concept, the steady state currents and
voltages are first measured. The DC input voltage (Vpc1), the transformer voltages (Vi and
Vp), and the filter current (/1) show the current control capability and partial voltage control
capability of the multi-port PPC. The multi-port PPC has two mode modes by changing the
direction of F,. The experimental result of the mode change shows that both the forward and
reverse mode can be handled by the multi-port PPC prototype. Changing values of the I
and I, affects the change of B, on the DHBSRC. Therefore, I, can be changed by following
the relationship of (3.4). The transient waveforms of It; shows that the validity of the current
control design. In addition, the DC input voltage step change was also performed in order
to validate the current control capability at the Vpcyx change. The result shows that I, can
control the reference current even with the Vpcx change. Furthermore, the change of 1, shows
that the partial current can be changed due to Vpcx change, according to (3.4).

Finally, the forward mode and reverse mode efficiency of the multi-port PPC are validated.
The measured efficiency at different loads is compared with the estimated efficiency. The
estimated and measured results have the error less than 3 %. The peak efficiency of the
forward mode is 98.9 % and the peak efficiency of the reverse mode is 99.2 %. The measure-
ment results of the peak efficiencies are provided by the captured figures. Furthermore, the



6 Validation of the multi-port PPC concept 124

comparison between the proposed PPC solution and the benchmarks in the target P/1 range
shows that the proposed PPC can improve the efficiency with the volume and cost reduction
as the goal of this study.
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7 Summary, conclusion and future research

7.1 Summary and conclusion

The modern home requires the seamless integration of RESs and various DC loads such as
residential ESSs, EVs, DC pumps, and LED lighting. PECs play a key role in the integration
of RESs and various DC loads which optimize the energy use of smart home architectures.
The increasing embedding of aforementioned electric component connections necessitates
the use of multi-port architecture. Meanwhile, the further reductions in the losses, volumes,
and costs of the conventional FPP based multi-port architecture is also required to make the
PEC infrastructures more affordable and suitable for the home installation.

In Chapter 2, the power electronic converters for the DC to AC and DC to DC power con-
version are explained. Firstly, the operation strategy of the inverter in the smart home is
discussed. Furthermore, the impact of the grid synchronization methods on the stability of
the inverter is analyzed. The impact of the PLL and self-synchronization on the stability of
the inverter is investigated by means of grid impedance based stability analysis. The analy-
sis shows the self-synchronization can be a more stable grid synchronization method, where
the self-synchronization can remove the additional harmonic propagation path. Secondly,
the DC-DC converter architectures that performs DC-DC power conversion for the different
RESs are investigated. The power processing characteristics of the DC-DC converters are
analyzed by using the VA area model. Using the VA area model, the DC-DC converters can
be divided into two big categories: FPCs and PPP converters. FPCs process total power from
the input and the converter should employee the same voltage and current rate as the input
DC source. On the other hand, PPP converters can process only a part of the power from
the input and it is possible to use lower voltage or current rate compared to the input DC
source. The recent studies of the different PPP converters have been reported that they can
improve the efficiency and the power density of the DC-DC converters. Therefore, in order
to set the benchmark, the amount of processed power and the number of the required power
electronics elements to build the different PPP architectures are compared. Furthermore, the
efficiencies from the most relevant PPP converter studies are plotted and compared in the
graph.

In Chapter 3, the novel multi-port PPC architecture for the smart home application is pro-
posed. The proposed architecture has two converter stages which are the PVCs and the DC
transformer. The PVCs can achieve the PPP by processing partial voltage (V;,) and full DC
input current (Ipcx). Furthermore, DC transformer can achieve the PPP by processing full
inverter side bus voltage (Vyys) and partial current (I,). The power processing principle of
the proposed architecture is described with the key equations. The target operating point and
ratings of the architecture are determined by market research and PV data analysis of com-
mercial products in the residential scale. The selected target specifications for residential
scale is described in Table. 3.2. The possible PVCs topologies are compared and the half
bridge leg is selected to build the PVCs with the lowest losses. In addition, the DC trans-
former has two topologies which are DAB and SRC. The investigation of the DAB converter
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shows that it cannot achieve the soft switching at the target power range. Therefore, SRC
which can achieve ZVS at the target power range is selected for the DC transformer stage.
Finally, by comparing the losses of the different SRC bridge combinations, the DHBSRC
with the lowest losses is selected.

Chapter 4 presents the design principle of the proposed multi-port PPC and its operating
principle of the proposed PPC architecture. The inductors and capacitors of the PVC stage
design methods are provided to achieve the target current and voltage ripple. Furthermore,
the selection guidance of the commercial inductor and capacitors based on the analytical
volume estimation are provided. Based on the selected parameters, the small signal model
of the PVC stage is performed. The small signal model of PVC is used to choose the control
parameters. Next, the parameters selection of the DHBSRC is carried out by using the FHA
model of the DHBSRC. The gain curves of the DHBSRC can be analyzed by using the FHA
model of the DHBSRC with respect to the variations in the resonant tank parameters. The
gain curve analysis can be used to select the quality factor Q and the inductance ratio h
at which the minimum resonant inductance value can be achieved. At the end, by solving
the mathematical relationship between Q and A, the primary and secondary resonant tanks
values can be derived. Finally, the mathematical model of the DHBSRC transformer is
also designed. In addition, the realization of the transformer is carried out to achieve the
same parameters between the theoretical transformer model. The transformer parameters
of the theoretical model are compared with the parameters of simulation model and the
parameter of the realized transformer which measured experimentally. The results show
that the parameters of the theoretical transformer model and the parameters of the realized
transformer are closely matching which means that the theoretical model can represent the
realized transformer.

In Chapter 5, PPP characteristics of the proposed multi-port PPC in the different operating
points and the relationship between PPP and the losses are verified. The PPP characteristics
of the proposed PPC are analyzed using the partial power processing ratio (Kp;) and the
UF. The K, analysis shows that the proposed PPC processes more power when Vpcy <<
Vous and higher I;. The UF analysis proves that the proposed PPC allows the use of lower
power semiconductor devices due to its PPP capability. The loss analysis of the proposed
architecture proves that the PPP capability of the proposed architecture can reduce the losses.
Based on the loss analysis, the heatsink design of the proposed multi-port PPC is carried out,
therefore the semiconductor devices can be driven under its thermal limits. Finally, the 3
kW (partial power) laboratory scale prototype for the 8 kW (full power) system is built. The
volume and the weight of the prototype is measured where the volume is 665 cm? and the
weight is 952 g, and the power density can be obtained as 4.5 W/cm?>.

The validation of the proposed concept and comparison between the benchmarks are per-
formed in Chapter 6. The input current, partial voltage and PPP control capabilities are
validated by the experimental results. Furthermore, the efficiency of the converter under dif-
ferent load conditions is measured and compared with the analytical efficiency. The error
between measurement and analysis is < 3 %. The peak efficiency of the prototype is mea-
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sured to be 99.2 % in reverse mode and 98.9 % in forward mode. The comparison between
the benchmark proves that the proposed multi-port PPC can achieve higher power density
by using the reduced rated power semiconductor devices and passive elements compared to
the benchmarks. Furthermore, the spider chart shows that the cost and the specific weight
also can be improved compared to the benchmarks. Still, to construct the gate driver circuit,
an individual isolated gate driver and isolated power supply should be used for the proposed
PPC. Therefore, there need further investigation of the advantage of the proposed architec-
ture, including the gate drivers and auxiliary circuits.

7.2 Future research

A novel multi-port PPC for smart home applications has been proposed. The proposed ar-
chitecture aims to increase the efficiency and reduce the cost and volume by using the partial
rated components.

The challenges for future research need to be addressed as follows:

e The cost of the semiconductors and passive elements of the proposed architecture can
be reduced by using the reduced power rated devices compared to the benchmarks.
However, as discussed in the conclusion, isolation is required for the power supply
and gate drivers, which can increase the cost and volume of the gate driver circuit.
Therefore, the total system cost, including the gate driver circuit, should be analyzed
and compared between the state of the art solutions to verify the practical advantage
of the proposed architecture in terms of cost.

e This study focused on the proposing a novel multi-port PPC architecture and validation
of the proposed concept. Therefore, the practical validation can be followed by the
development of control algorithms for different DC sources and loads connected to
the proposed architecture. Furthermore, by applying the proposed architecture to the
different applications, the power control and distribution algorithm between the DC
sources and loads can be studied.

e The proposed solution is the DC-DC stage for smart home applications. The study
mainly focused on the development and analysis of the DC-DC converter stage. There-
fore, the interactions of the proposed architecture between the inverter stage can be
studied. Furthermore, by analyzing the whole smart home system, the performance of
the proposed architecture in the practical application can also be studied.

e The reliability of the proposed architecture also can be further investigated. A thermal
distribution analysis can be performed for both the semiconductors and the passive
elements to investigate the loss distribution of the proposed architecture.
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