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Lay Abstract

In the pursuit of sustainable transportation, recent scholarly investigations have placed
significant emphasis on the advancement of electric vehicles (EVs) with a particular focus-on solar
chargedEVs andfuel cell rangeextended vehicles (FCREVS) in orderhtelp mitigatesome of
the drawbacks of battery EVs such as limited driving range, long refueling times, and charging
impacs on the grid.Power electronic anvertersplay a crucial role in managing the transfer of
power between multiple energy sourcasch as o#board solar panels, fuel cells, batteries, and
connection to the gridlhe objective of this thesis is to propasevel topologies and control for
power electronic converters in scelgrarged EVs and samtcharged FCREVSs. Firstlya novel
bidirectional DC/DC topologys proposed for solacharged EVs that allows a higffficiency
transfer of excess solar energy to the grid when the EV battery iddditionally, anovel control
methodology for balancing the DC bus capacitors is introduced, aiming to reduce capacitor size
and mitigate circulating unbalardteurrents.Lastly, this thesis presents the pioneering practical
implementation of a muHport converterfor a solarcharged FCREYValong with its adptable
control approach, enabling efficient power flow management among the gidaod battery,

solarpanels, and fuel cell



Abstract

Electric vehicles (EVs) offer significant advantagesr conventional internal combustion
engine vehiclesincluding zero emissions and convenient overnight charging. However, there are
still several challenges that need to be addressed. These challenges include limited driving ranges,
slow refueling options while ethe-go, concerns related to the supplitsfium for batteriesand
emissions associated with certain sources of electricity generation, such. #gldoad onboard
solar generation and/or fuel cell range extenders to EVs can help to engigae of these
challenges, but also adds the need for optimal power electronic converters to manage the power
flow of these multiple o#board energy sourcewhich is the focus of this thesis

This thesis first performs a comprehensive review of EV onboard chargers (OBCs)
including charger system requiremebig different standards and codasd different DC/DC
powerconvertersn the current infrastructure¥arious power levels are compared and evaluated
based on their component ratings, efficiency, st power density.

Secondlythere has been recent interest in harnessing solar power within electric vehicles,
leading to the emergence of setdrargedelectric vehicles (SEVswhich can offer extended
driving ranges and less need for geiaarging These vehiclealso offer a new opportunity for
distributed generation when their traction batteries are ¢hilygedand the pluggeth vehicle is
still generating solar energifowever, this also presents a unique power electronic dilemma. The
OBC must exhibit high efficiency in two scenarios: firstly, during normal charging from the grid
at power levels around 6.6 kW, and secondly, during veloetgid operation at significantly
lower solar power levels, typically below 800 W. UnfortunatelynventionalDBC designs tend
to have low efficiency when operating at light loads. To tackle this challenge, this thesis proposes

anovelbidirectional LLGbasedconvertey for use within the OBQhat achieves higher vehiele



to-grid efficiency at light loads than a traditional dual bridge conveiDstailed PLECS
simulation results anexperimental results are presented to verify the circuit.

Thirdly, the presence of manufacturing variations can introduce parameter mismatches,
resulting in voltage imbalances across capacitors in the proposed cgnweiteother resonant
converters with multiple transformer windings and two sec@mected capacitors with a center
connection.Such voltage imbalances pose significant concerns regarding safetgliabdity.
However, the existing capacitor balancing strategies developed for other converter topologies are
not directly applicable to these new resonant rwiltiding topologies. To address this issue, this
thesis presents a novel method for achiewiagacitor voltage balancing in a resonant multi
winding converter. The proposed method employs a straightforward approach to determine the
appropriate balancing switching states. Time domain analysis is conducted to quantify the number
of control cycles rguired, and an adaptive control strategy is introduced to enhance the balancing
performance. The effectiveness of the proposed metmat the beneficial effects on the
converter's efficiency and bus capacitor siaesvalidated through experimental investigations
involving multiple bus capacitor sizes.

Finally, thoughSEVs offer advantages/er nonsolar E\s, some challenges remain such
as lithium supply concerns for large batteries, slow recharging, and driving range that is still
limited compared to conventional vehicldsuel cellrangeextendedrehicles(FCREVS) can add
a small fuel cell and hydrogen tank to allow quick refueling for long trips, and still use a reduced
size plugin battery for the majority of short trips. This allows the driver to use efficient and
convenient overnight charging forast daily commutes, and refuel with hydrogen on {ong
distance driving day# hydrogen stations are availablEhe smaller batterypneans that lithium

requirements are reduced. Further, by addimfoard solar generatidn a FCREV (SFCREV),



range can be further extended and grid charging requirements can be réthweder,using
conventional separate converters for-&a(REV would becomplex and costlyhaving a high
number of semiconductor devicéBo overcome this, ththesisproposes a practical mufhort
converter that fulfills SFCREV requirements with reduced componefAtsovel triple PWM and
triple phase shift (TPTPS) contrisl proposedSimulationand experimentalesults validate the
proposed topology's operatiandefficiency, offering a promising solution for integrating power

electronics in S FCREYV applications.
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Chapter 1

Introduction



1.1. Background and Motivations

Due to the depletion of fossil fuels and the growing problem of air pollution, there is an
increasing interest in electric vehicle (EV) technologies [1]. However, the limited driving range of
EVs compared to traditional vehicles hinders their development. One promising solution to this
issue is the use of larger batteries with higher power tyertéowever, the production of larger
batterieds costly and exacerbates the lithium supply issue.

Solar energy is garnering more attention due to its clean, renewable, and inexhaustible
characteristics. The adoptionlafgescaleSolarchargedElectric Vehicles (SEVSp a promising
way to help mitigate some tifese obstacles. The power generated by solar panels installed on the
roof, hood, and trunk of EVs can provide approxima€§o of the energy required to run the
averagevehiclein Los Angeles, annualf2]. With the increasing focus on photovoltaic cells, their
conversion efficiency has rapidly improved, reaching over 23.55% in recent §i¢dysCharging
EV batteries using ehoard photovoltaic (PV) cells has become increasinglgpaiue, offering
significant benefits such as extending the driving raagkreducing the dependence on power
from the grid, thus reducing the aging of distribution transforn@rs [

Literature [2]did a comprehensive analysis of benefitsanfiescalesolarcharged electric
vehicles based on one week of logged vehicle data from 150 vehicles in Toronto, éreada.
introduction of largescale integrated SEM®uld leadto noteworthy reductions in annual vehicle
energy consumption, with Los Angeles experiencing a decrease of 21.5%, and Detroit witnessing
a reduction of 17.5%. Additionally, SEV implementatmould beadvantageous for both cities in
terms of grid load reduction. In Los Angeles, the grid load decreased from 817 kW to 735 kW,
while in Detroit, it dropped from 810 kW to 732 kW for the SEV full sun case, resulting in

significant benefits for transformeriag [2].



Moreover, SEV<an bringsubstantial advantages for drivelfar example, ver 8 months
of the year,drivers in Detroit would achievea solar range extension of at least 15/daw,
enhancing the driving experience. Los Angelesild also benefit from SEVs, observing a daily
solar range extension of 30 km during full sun, 26 km under average cloud conditions, and 19 km
with partial shading on an annual baf2$. In Detroit, the yearly average daily solar range
extensions amount to 29 km during full sun,K&@ under average cloud conditions, and 14 km
with partial shadingManufacturers are also moving forward with SEV designs due to these many
advantagesSeveral EV models, including the Hyundai Sonata, Prius Prime, Karma Revere, and
vehicles produced byeslg are incorporating ehoard PV cells to extend their driving rarj§¢
[8].

As the largescale onboard solar panel provides a short driving ramgdays when driving
needs go far above the average, BEV drivers must carefully consider driving range, find available
charging stations, and must either interrupt their trip with long charge times or use fast charging
[9]. Fuel cells provide long driving ranges and faster refueling times for the usage of hydrogen.
Literature [9]proposes that the anticipated proliferation of hydrogen stations along highways to
support heawduty transpa can be leveraged as well for the passenger vehicle segment. By
adding a relatively small rangextending fuel cell to passenger BEV, drivers can easily make
use of these highway hydrogen stationslanrg-distance driving days, while continuing to use
convenient ahome overnight charging on average driving daysis, fuel cell rangextended
vehicles (FCREVs) aim to combine the advantages of BEVs and fuel cell vehicles.

Fuel cell powered vehicles address the refueling time issue, which will also ease range

concerns if hydrogen fueling stations are available. Furthermorieoaml solar generation can

replace a portion of the vehigrdngebForbagthoptibnsc har g



a smaller battery could be used, meaning less lithium is requidaiing both largescale solar
panels and a small fuel cell range extender to ateBd¥s to gainingpenefits of both technologies.
This proposedsolar FCREV (SFCREV) would need less grid electricity for charging, provide
longer driving ranges, allow faster refueling, and use a smaller battery with less lithium compared
to a conventional EV.

These conceps present new power electronic challesgheon-board charger@BC) should
have high efficiency in the grith-vehicle (G2V) direction for normal charging power levels (i.e.,
6.6 kW) and also high efficiency in the vehittegrid (V2G) direction for much lower solar power
levels (i.e., <800 Wjo be returned to the grid when the vehicle is plugged in and the battery is
fully charged However, typicalOBC topologies have lowefficiency at light loadsFurthermore,
the powerelectronc architecture for $CREVs would be complex and costly with conventional

separate converters

1.2. ResearchContribution s

1.2.1 Contribution1

The first contribution of this thesis a thoroughreview of diverse topologies found within
current charging infrastructuresncluding bridge topologies, resonant topologies, integrated
topologies, and muHport topologies. Through comparative analysis and evaluation of various
power levels, taking into account component ratings, efficiency, cost, and power density, this study
seeks toidentify energy control options that exhibit efficiency, affordability, enhanced power

density, and simplified contr&V chargingapplications.

1.2.2 Contribution 2



The second contribution of this thesssa highefficiency bidirectional LLC+Cresonant
converter with parallel transformers for SEWghich allows high efficiency transfer of emoard
solargenerated power back to the grid when the EV battery is fully chdrgge gridto-vehicle
(G2V) direction, it functions as a fdliridge LLC converter, while in the vehiete-grid (V2G)
direction, it operates as a hélfidge LLCC converter with a smaller transformeer reduce core
losses Simulation results demonstrate that compared to the standakdifige LLC converter,
the V2G direcbon of this converter achievespagak efficiency gain of 5.1%. To validate the
topology and performance, a &®@V prototype with an input range of 450 V to 700 V is designed,
constructed, and tested. Experimental findings reveal that the proposed converter achieves high

efficiency in the V2&irection, reaching 95.7% at 700 W.

1.2.3 Contribution 3

Thethird contribution of this thesis ithe enhancement of efficiency and power density in
the proposed LLEC converter by introducing a novel method ¢apacitor voltage balancing in
multi-winding resonant convertevgith two series connected capacitofdis method utilizes a
straightforwardalgorithmto determine the balancing switching states. Time domain analysis is
conducted to quantify the number of required control cycles, and an adaptive control strategy is
suggested. Experimental results, considering various bus capacitor sizes, confirecthepéss
of the proposed method. Moreover, the utilization of this method leads to a slight improrement

efficiency due to reduced circulating unbalance current.

1.2.4 Contribution 4
The final contribution of this thesis involves the proposal of a groundbreakingpuctiti

converter that addresses all the requiremeraSéFCREV with a reduced number of components
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compared to a nemtegrated converter design. This practical converter also incorporates partial
electrical isolation. A novel control method called Triple PWM and Triple Phase Shift (TPTPS) is
introduced. Through simulation and experimentation, the megbaonverter topology has been

successfully validated, demonstrating its efficiency and providing a promising solution for the

integration of power electronics irRFECREYV applications.
1.3. Publications Related to Thesis Research

The thesis follows the "Sandwich Thesis" format, in which ed&haptes 3 to Srepresent
an individual journal article. These articles have been slightly modified to adhere to the thesis
format, while preserving the main content of the original articles. The following section provides
an overview of the manuscripts that have bedslighed orin progressn reputable journals and
conferences as part of this thesis resedrble. conference papers related to this thesis showcase

earlier versions of the jonal papers, focused on simulation results.

1.3.1 Journal Publications
[1] P. Zheng and J. Baumattligh Efficiency Bidirectional LLC+C Resonant Converter With
Parallel Transformers for Sol@harged Electric Vehiclés, IEEE Transactions on

Transportation Electrificationvol. 9, no. 1, pp. 1428442, Mar. 2023(Chapter 3)

[2] P. Zheng, C. Wang and J. Bauman, " A Novel Capacitor VoBadgncing Method for Multi
winding Resonant ConverterdEEE Transactions orindustrial Electronics Early Access,

2023.(Chapter 4)

[3] P. Zheng, C. Wang and J. Baum&i,Multiport Bidirectional Converter for Fuel Cell Range

Extended Vehicles with Ghoard Solar Generationith Optimized Control Method to be



submitted tdEEE Transctions onTransprtation Electrification 2023. (Chapter 5, paper in

progress)

1.3.2 Conference Publications
[1] P. Zheng and J. Baumattligh Efficiency Bidirectional LLC Converter for Sok&tharged
Electric Vehicles, in 2021 IEEETransportation Electrification Conference & Expo (ITEC)

Jun. 2021, pp. 72732.(related to Chapter 3)

[2] P. Zheng and J. Baumdt Multiport Bidirectional Converter for Fuel Cell Range Extended
Vehicles with Orboard Solar Generatighin 2023 IEEE Transportation Electrification

Conference & Expo (ITECYun. 2023(related to Chapter 5)

1.3.3 Other Publications
[1] C. Wang, P. Zheng and J. Bauman, "A Review of Electric Vehicle Auxiliary Power Modules:
Challenges, Topologies, and Future TrentlSEE Transactions on Power Electronid&sarly

Access 2023

[2] D. Wang, L. Zhou, P. Zheng, Y. Yang, A. D. Callegaro, M. Goykhman, S. Piranavan, A.
Baronian and A. Emadi'l.5kV, 1MVA Inverters for Electric Aircraft Applications: A
Mission ProfileBased Comparative Study,in ECCE 2022- The 31st Annual Energy

Conversion Congress and Exposition, 2022
1.4. Thesis Outline

This thesis isorganized ito seven chapterChapter 1 provides an introduction to the
background and motivation behind the development of innovative topologies and control

techniques for EVs equipped with-board PV systems. The primary objectives of this research



are to minimize power losses in the low power range, enhance power flow control between various
power source¢PV, fuel cell, battery)and reduce component count to reduce costirapdove
power density.

Chapter 2involves acomprehensive investigation into a range of topologies utilized in
contemporary charging infrastructures. These include bridge topologies, resonant topologies,
integrated topologies, and muftort topologies. By conducting a comparative analysis and
evalwating their performance at different power levels, considering factors such as component
ratings, efficiency, cost, and power density, this study aims to identify energy control options that
demonstrate improved efficiency, affordability, increased powasitly, and simplified control in
EV applications.

Chapter 3presentsthe development of a higgfficiency bidirectional LLC+C resonant
converter with parallel transformers for SEidsallow highefficiency power transfer from the PV
source to the grid, even at much lower power levels than the converter rated IpalwerG2V
direction, the converter functions as a-4oiidge LLC converter, while in th€2G direction, it
operates as a hdtfridge LLCC converter with a smaller transformer. Through simulation results,
it has been demonstrated that the Va@ation of this converter achieves a maximum efficiency
improvement of 5.1% compared to the standarddriige LLC converter.

Chapter 4focuses on improving the efficiency and power density of the proposed LLCC
converter by introducing a novel approach for capacitor voltage balancing inwmding
resonant convertergith two seriesconnected capacitar$his method utilizes a simpégorithm
to determine the balancing switching states, enabling effective voltage balancing. Time domain
analysis is performed to determine the required number of control cycles, and an adaptive control

strategy is proposed. Experimental results, considering eliffdaus capacitor sizes, validate the



effectiveness of the proposed method. Furthermore, the utilization of this method leads to a slight
increase in efficiency by reducing circulating unbalance current.

Considering the fact that dyoard PV providelimited power andargeon-board batteries
increase the requirement of lithiu@hapter Sntroduces the novel range extended EV with solar
panel and fuetells andan innovative multport converter that fulfills all the requirements ef S
FCREV while employing fewer components compared tointegrated converter designs. This
converter not only incorporates partial electrical isolation but also presents a nokal oertihod
known as Triple PWM and Triple Bee Shift (TPTPS). Through extensive simulation and
experimentation, the proposed converter topology has been successfully validated, showcasing its
efficiency and offering a promising solution for integrating power electronics-HCREV
applications.

Chapter @s the concluding chapter of the thesis, offering a comprehensive summary of the

entire research conducted and presenting valuable recommendations for future research endeavors.
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2.1 Introduction

The rapid advancement of electric vehicles (EVs) has opened up significant opportunities
for the integration of clean energy sources in the automotive sectenro®dDC/DC converters
arecommonly utilized in EVs due to their cesfifectiveness and ease of installation. However,
the limited space within vehicles and the need for quick charging necessitate OBCs to be power
dense and highly efficient. Furthermore, the ability of EVs to suppWwer back to the grid has
generated interest in bidirectional pawilow solutions in the automotive mark#i-[3].

This chapterinvolves a comprehensive investigation into a range of topologies utilized in
contemporary charging infrastructures. These include bridge topologies, resonant topologies,
integratedtopologies, and muHport topologies. By conducting a comparative analysis and
evaluating their performance at different power levels, considering factors such as component
ratings, efficiency, cost, and power density, this study aims to identify enemgyplcoptions that
demonstrate improved efficiency, affordability, increased power density, and simplified control in
hybrid EV applicationsTo understand the power levels of DC/DC convertdris, chapter also

investigates different chargirgiandards.

2.2 Bridge Topologies

For most bidirectional charging topologies, between EV and the grid, the required galvanic
isolation is provided by the transformer. For those converters, namely isolated converters, the input
DC voltage provided by the Power Factor Corrector (PFC) staggeiified into different levels
DC to charge the EV. Typical topologies lik&)dual half bridge, (b)dual active bridge, (c)half
bridge are depicted ifigure21land most of advanced topol ogi es:¢

of the transformer are based on different combinations of them. Among them, as is shown in the

12



dotted box, resonant circuits are in series with the transformer to increase the voltage gain and

widen the sofswitching range.

J: Jé_js IFI—jS IFI—jS =
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Figure 2-1. Basic topologies of isolated bidirectional topologies:d@l half bridge, (bylual active bridge, (dalf

bridge
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Figure 2-2. Basic topologies of neisolated bidirectional topologie&) buck and boost, (b) budloost, (c) cuk,

(d)sepic and zeta
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The other group of bidirectional topologies isthesnoe 0l at ed t opol ogy t h:
any transformer to transfer power so that the power density and cost will be reduced. However,
the lack of high stepp voltage gain ratio especially under heavydleanditions makes it less
popular in the real chargefsurthermore, noisolated charger circuits have some safety concerns
such adeakage current and groufiault current4]. Typical basic topologies depicted kiigure

2-2 are(a) buck and boost, (lbuckboost, (c) cuk, (d¥epic and zetH]-[3], [5].

2.2.1 IsolatedBridge Topologies

The halfbridge dual active bridge (HFDAB) converter, showrFigure 23 (a), consists
only 4 switches and benefits in low cost and higher power density. Fepdawr OBC
application, a HBDAB converter with the power factor control capability is proposéidl imHe

output power of the prototype is only 600

Charging
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(a)
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Figure 2-3. Bidirectional DAB converters: (a) HBDAB converters. (b) FBDAB converters
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Figure 2-4. Novel DAB converters: (a) hybrid bridge converter. (b) B3CFIDC converter
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A full-bridge dual active bridge (FBDAB) converter with phase shift control, illustrated in
Figure 23 (b), is proposed in/]. The detailed information of control methods, operating principles
and a KW prototype design is shown iB][ However, their analysis is based on the heavy load
condition and the efficiency 1isnot provided.
performance, a novel double phase control (DPS) is proposed to adjust the duty ratio of the primary
and secondgrvoltages in 9].

To reduce the transformeros iron | oss and w
light load, a bidirectional switch S9 is added-igure 24 (a), proposed inll0]. According to the
output power, it can work in HB or FB mode and achieve the maximum efficiencies of 92.9% at
the light load and 93.4% at the heavy load. To extend the operation range, a bidirectional buck
boost current isolated DC/DC converter (B3CFID@gpicted inFigure2-4 (b), is proposed with
a new modulation strategy and the caapige control schemelll]. A low average inductor
current and current ripple is achieved in this converter and in the entire operation range, no voltage

spike appears.
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Figure 2-5. FB converters with interleaved PFC stage: (a) PSFB converter. (b) ZVS FB converter

To achieve higher power density and higher efficiency at heavg, laatew methodology
aiming to minimize the physical size of the capacitor is proposdd@jwfhich is shown irFigure
2-5 (a). In Figure 25 (b), a FB zerevoltage switching (ZVS) converter with a PFC stage is
proposed in 13]. Although it behaves like a traditional hasditching topology, with the pulse
width modulated control method, the ZVS transition occurs during the resonant delay period which
achieves the efficiency of 93.6% at &\/.

Two new topologies based on the FBDAB in the primary side and complex circuits in the
secondary side are proposed 1d][and [L5]. Figure 26 (a) depicts a FB circuit with a tapped
primary winding with a simple selfriven synchronous rectification. It has advantages of lower

input current ripple and less voltage pressure on switches. A novelraosfiormerased
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asymmetrical duabridge (DT-DAB) converter is proposed Figure 26 (b). In this topology, the
primary side is a FBDAB and the secondary side is a-sethie bridge with one active leg and
two passive legs. The secondaigte phase shift (SSPS) control is proposed which makes this
topology have a wider voltage gain anti% higher efficiency compared with similar converters.
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Figure 2-6. DAB converters: (a) power stage of FB converter. (b)ADB converter

To realize a bidirectional power flow capability under the heavy load condition, two novel
DAB-based converters are proposedli| pnd [L7]. DAB-based dalc matrix converter ifigure

2-7 (a) is suited for high voltage and medium power applications like EV charger where isolation
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and high power density are quite importaidtd-[21]. A novel modulation strategy is proposed to
overcome problems of power factor correction,-sefttching and electrolytic capacitor. However,

its efficiency is below 90% even though the power factor is up to 0.99. To power the EV from the

PV and grid athe same time, an interleaved flyback converter is showigure 27 (b) which is

threeports DABbased. Four power flows: PVYEV, EVYgr
allowed and the use of silicon carbided the DC bus between the EV and PV increases the

efficiency and power densitg?] [23).
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Figure 2-7. (a) matrix converter. (b) interleaved flyback converter
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2.2.2 Nonrisolated Bridge Topologies

In terms of noAsolated bridge convertgra halfbridge (HB)bidirectional charger for the
distribution system or smart homes is introduce@# §nd [25] as in Figure 2B (a) and (h)Both
of them focus on the control methods to meet different active power and reactive power (PQ)
requirements from the system. No discussion about the isolation method is mentioned and the low

voltage input power limits its applications in EV chargingtsyns.

L, 1asdds | 4is 13 fds{ds |7 )

Vac T g - —E‘ SV,

{35 4{3s ﬁ:;:%_ 4 {ads4Gs -
(a) (b)

Figure 2-8. (a) single phase HB converter. (b) three phases HB converter

2.3 Resonant Topologies

In terms of outputting high frequency voltage or current and reducing switching loss and
switching noise, resonant circuits are widely used in power supply cir@aitsTypically, a
resonant circuit which can produascillationsin response to externally applied energy, comprises
different numbers of inductors and capacitors. By using resonance phenomenon, partial resonance,
provided by the resonant circuit, helps switches turn on or off at zero current or current. With these
switching methods, switching losses of those converters will be much smaller than typical circuits
and this is quite helpful to increase the efficier2§] [27]. A variety of topologies with difrent

resonant circuits have been proposed.
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2.3.1 LLC Resonant Topologies

The LLC resonant converter comes with a magnetizing inductance, a resonant capacitor a
series resonant inductor which can be substit
shown inFigure 29, LLC resonant converters have the features of low component count, low
noise and high efficiency, which makes it most pop2&f [28].

In 2011, a HB LLC resonant converter for-lbboard battery charger is proposed by Hyundai
as shown inFigure 29 (a) in [29]. To reduced the demanded leakage inductance, a HB LLC
resonant converter with a resonant capacitor connected to an auxiliary winding is pres@&dfed in [
compared with the conventional LLC resonant converter which has high number of turns of the
transformer B1] [32], the capacitor in this paper is connected in parallel to the magnetizing
inductor through an auxiliary winding as an L resonant transformer. In this way, the copper
loss of the transformer will be less because of less transformer turns.

To meet the wide input voltage range requirement, the LLC resonant converter must have
different operation method3f]. Figure 29 (b) depicts the interleaved structure of FB LLC
resonant converter presented 8#][ The phaseshifted modulation is usually used in the FB
resonant converter to realize soft switching and a wide range of output v@&ga7. A novel
pulse frequency modulation is proposed to overcome the large secondary peak current.

The switches in the lagging leg has a narrow-seftching range in conventional FB
converters 38]-[41]. To ensure the switches in the lagging leg operating at fully ZVS condition,

A novel softswitching hybrid converter combining the phadft full-bridge (FB) and haif
bridge (HB) LLC resonant ¢ on wveltage switshihgZv) nf i gur
lagging leg is proposed 2. The proposed converter has the peak efficiency of 98.3% at the

1.9kW output power with the output voltage of33.
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Figure 2-9. (a) HB LLC converter. (b) three phases HB LLC converter. (c) hybrieFBB.LC converter. (d) FB
LLC converter. (e) hybrid FB LLC converter

FB LLC resonant converters are widely used in many recent applicad8Rgs50]. To
improve the efficiency and the power density, different control methods otbaiut gap devices
are used47]-[50]. [47] proposes an analytical approach to determine the accurateattrge
switching (ZVS) criterion for both zer@nd finitephase overlap operations of an R&work. A
novel PWM modulation is presented to achieve naturally bidirectional power flow and

synchronous rectification without adding auxiliary circuit #8][ a transformer saturation
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prevention algorithm (SPA) is proposed #9] by detecting the variation in transformer current
slope near the boundary of saturation and applying-citie offsets to the DAB converter full
bridges. b0 proposes A reverse LLC voltage gain compensation control by regulatilrgkdc
voltage and based on the LLC primary driver signals, a digital adaptive synchronous rectification
driving scheme is proposed as well.

To improve efficiency at low voltage and light load conditions, as is showingure 29
(e), adeprived FB LLC resonant converter is proposefilin The converter can operate as a-full
bridge converter, dugdhase hatbridge LLC converter or singlehase hatbridge LLC converter

which is switched by different modulation schemes.

2.3.2 CLLC Resonant Topologies

Compared with LLC converter, througbasonable parameter optimization, CLLC resonant
converter features fruitful advantages including minimized switching losses at the rating condition,
simple structure, and ease of control, and, hence, turns out to be meritorious for the fdgiwetep
application [B2]-[55]. Figure 210 (a) is the typical FB CLLC resonant converter where resonant
tank comprised of resonant capacitor and resonant inductor is located on the secondary side for
resonant PWM operation and the capacitor located omprih@ary side is for voltagdoubling
operation. $4] proposes a structure change method to increase the converter gain into double.
Wide-band gap (WBG) devices such as GaN and SiC have a better figure of merit than Si devices
[56] [57]. Due to the superior switching performance of WBG devices, high switching frequency

is used in $6] which increases the power density and efficiency.
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Figure 2-10. (a) FB CLLC converter. (b) HB CLTLC converter

2.33 Fourth-order Resonant Topologies
_”_mwm - _”_NW‘\?VVL.; - % -
1 g { T {
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Figure 2-11 (a) LCLC resonant tank. (b) LCL2 resonant tank. (c) L3C resonant tank

In comparison with welknown LLC resonant converters which is limited by the existence
of diode junction capacitances in terms of maximum frequeb@ly[p0], as shown irFigure 2
11, fourth-order resonant tanks like L3C, LCL2 and LCLC, present a high voltage gain and a steep
voltage gain versus frequency which make them good candidates ferdtighe battery pack to
PV applications §1]-[63]. Based on FB converters, voltage gains of different resonant power

converters versus normalized switching fregquyeand constant values of normalized parameters
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are analyzed ind3. According to the obtained results, L3C and LCLC resonant topologies have
the highest and lowest regulation capability among all resonant power converters and L3C
topology has a voltage gain of more than two, which makes it an excellent candidatetéor PV

high-voltage battery pack applications.
2.4 Integrated Topologies

Increasing the power density ©BCis one of the most important research hotpots. An idea
about integrating motor windings atitetraction system into the chargsmresented if64]. The
inverter in the traction system can work as a rectifier and the motor windings can be used as the
grid-side filter inductor or an inductor in DC/DC converter. In this way, the weight, size and cost
of OBC can be reduced a lot. Typically, they can be classified into three types: converter based,

switched reluctance motor (SRM) windings based and comaartewindings based.

2.4.1 DC/DC Converter Integrated Topologies

By adding some components, as showhigure 212 (a), traditional DC/DC converters can
be integrated as a part @BC and a rectifier to transmit power between the motor/grid to EV
batteries §5]-[68]. in [65] [66], the converters perform function of a rectifier in these integrated
chargers so that they can achievalibectional power flowing, and save many devices. Besides,

the system cost less and the efficiency can be enhanced.
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Figure 2-12. (a) Traditional integrated DC/DC converter. (bsdurce integrated DC/DC converter

The Zsource inverter (ZSI) topology is able to remove multiple stages@mdve voltage
boost and dicac power conversion in a single stage. The use of passive components also presents
an opportunity to integrate ESS into the69]| Reference §9] proposes a modified -Zource
integrated EV charger. Only one stage can realize voltage boost. Angthece integrated with
a spilt charger for battery charging. A control method -@oxrce integrated charger is proposed

in 70]. No additional components are added to achieve battery charging, as sHeguran212

(b).

2.4.2 SwitchedReluctance Motor Windings Integrated Topologies
SRM has three windings and its inverter has three dual active bridges which can performs
function of DC/DC converter or rectifie?I]-[74]. As shown inFigure 213, a threephase power

electronics interface is connected to the system to work as apimase integrated charger.
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Typically, in most of this kind of charger, the motor windings and the inverter are used to regulate
the battery voltage and correct the power factor. however, these converters are suited only for ac
charging and need special design of the winding streicieference7p5] chooses a fouphase
eightslot/six-pole (8/6) SRM as shown Figure 213 (b) and develops a control strategy to enable

the vehicle to be charged by bothatal ac power subject to availability of power sources.

>

(@)

1
min

mln

(b)

Figure 2-13. (a) SRM windings integrated DC/DC converter. (b) split SRM integrated DC/DC converter

2.4.3 Motor Windingand Converter Integrated Topologies

As depicted inln Figure 214(a), based on thrgghase threéevel NPC topology, motor
windings perform the function of filter inductors in the thy®se integrated charger. The fast
charging mode and slogharging mode are realized. Three modes including boosting drive motor
mode, directly drive motor mode and charging mode are achievéf] ifv[/]. The motor inverter
is used as rectifier and motor windings are used assgtelfilter inductors.

27



P ureqpigns

K;

Figure 2-14. (a) Motor system utilized as rectifier and DC/DC converter. (b) integrated charger with motor

windings
Referenceq8] introduces an integrat€dBC. In Figure 214 (b), motor windings are utilized
as mutually coupled inductors, to construct a-thannel interleaved boost converter. This
charger capable of fast charging of PEVs will combine the benefits of both the conventional

onboard and ofboard chargers, withdadditional weight, volume and cost.
2.5 Charging Standards

To enable power transmission from photovoltaic (PV) sources, bidirectional DC/DC

converters and AC/DC rectifiers are connected to the grid for charging electric vehicles (EVs).
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However, integrating different ports requires meeting several charging requirements. Various
organizations, including IEEE, the Society of Automotive Engineers (SAE), and the Electric
Power Research Institute (EPRI), have established standards and coddsrier system
specifications T9][80] as in Table2-1 and Table2-2. In North America, SAE has outlined two
common methods for EV charging: Level 1 and Level 2. Level 1 charging is designed for home
or office use, with a power rating of 12AC and a mamum current of 1@\. Level 2 chargers
operate at 20240 VAC with a maximum current of 80A8[L]. Level 3 charging, also known as

DC fast charging, utilizes technologies like CHAdeMO (Japan), CCS (SAE), GB/T (China), or
Tesla Supercharger. These chargers can deliver power through6@@@MDC system, reaching

up to 240kW (400 A) [82][83]. The SAE Hybrid Committee has developed detailed charging
configurations and rating terminologies, as shown in Tadleand Table2-2 [84]. For battery
electric vehicles (BEVs) with a uske pack size of 2BWh, charging typically begins at 20% state

of charge (SOC) and operates at rates faster than 1C. Charging stops at 80% SOC rather than
reaching full 100%. Plugn hybrid electric vehicles (PHEVS), on the other hand, can start charging
from 0% SOC due tdeir hybrid mode.

Underwriters Laboratories (UL) has established several personnel safety requirements for
Electric Vehicle Charging System Equipment (EVSE), such as UL 2000 and UL 2594. UL has
defined a threshold offBA or 1520 mA for EVSE manufacturers. To mitigate the risk of nuisance
tripping caused by potential leakage current between the EVSE and the vehicle, most
manufacturers opt for the 220 mA trip threshold instead of the 5 mA thresh@®][ In order to
comply with these requirements, different chargers, isotated and noisolated, employ various

topologies, each with its own advantages and disadvantages. Isolated chargers incorporate a
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transformer, providing galvanic isolation between the EV and thevalfage source, although

this results in lower power density and increased &2396].

Table2-1 AC charging power levels

Power Level Types Power Level Charging location Supply Interface

120 Vac,
1.4kW,12amp i
h ff {
Level 1 120 Vac, At home or office outlet
1.9kW,16amp
240 Vac
Level 2 ' At h ffi EVSE
eve 19.2KW,80amp ome or office
208Vac-600Vac, Commercial fast
Level 3(TBD ' EVSE
evel 3( ) >20kwW charger
Table2-2 DC charging power levels
. . Supply
Power Level Types Power Level Charging location
yp ging Interface
Level 1 200450 Vdc, Commercial fast EVSE
Up to 36kW,80amp charger
Level 2 200450 Vdc, Commercial fast EVSE
Up to 90kwW,200amp charger
200-600Vac, Commercial fast
EVSE

Level 3(TBD) Up to 240kW,400amp

charger
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3.1Introduction

Electric vehicle (EV) technologies have the potential to alleviate problems like fossil fuel
shortages, air pollution, and climate change. However, EVs need to charge from the electric grid,
and in areas with high carbon intensity (e.g., with t@@edgeneration), the generation of
electricity to charge EVs can still contribute to significant amounts of air pollution and CO2
emissions. Furthermore, high levels of EV charging at certain times of the day can cause
overheating and lifetime reduction of @ibution transformers [1]. It is also wekhown that EVs
have a more limited driving range than internal combustion engine vehicles, which can lead to
range anxiety for some drivers. To help address these challenges, EVs-ivtardrsolar energy
gener#ion have recently been proposed. Reference [2] provides a detailed analysis of a proposed
largescale solar EV (SEV) with photovoltaic (PV) cells integrated onto all upwauoiisg vehicle
body panels (hood, roof, trunk), and finds that on average, @0 of a vehicl eds
needs can be met by oard solar generation, which benefits drivers, the grid, and the
environment. Other research has focused on usidgpard solar generation to assist in battery
balancing [3], the addition of emoardsolar to aircraft [4], reconfigurable PV systems for EVs
[5], and the high stepp converters required in SEVs [6]. Some automakers are also investigating
onboard solar: the Toyota Prius Prime [7] and bZ4X [8], the Karma Revero [9], and the Hyundai
IONIQ-5 [10] all have solar cells integrated onto the roof for assisting traction. Further, Sono
Motors [11] and Lightyear One [12] are currently developing lagme SEVs with solar cells
covering larger portions of the vehicle to more significantly increaistng range and/or reduce
grid charging needs.

For nonsolar EVs, the muchesearched topic of vehiete-grid (V2G) charging for grid

support always requires discharging of the EV battery [13], [14]. Thus, while V2G power flow can
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benefit the grid, it also has drawbacks for the driver, namely losing battery charge when it may be
needed and more battery cycling which can impact battery health and lifetime. Viditla@hsolar
generation, and especially a laigmale SEV as in [2], [ll],[12], a new V2G paradigm emerges
where if an EV battery is fully charged while parked and plugged in, the SEV can send back newly
generated solar energy to the grid with no negative effect on the vehicle battery. Thus, while the
main purpose of a SEV i® use the solar energy to recharge the battery throughout the day to
extend range and reduce grid charging needs, there are some situations where the battery could be
full, and thus extra solar energy would be available to send back to the grid. B\the &sumed

to be fully charged by the grid overnight, this scenario can commonly occur in two ways: (1) the
SEV remains parked at home for part or all of a day, and thus all solar energy generated before the
first drive of the day can be sent to thelgeand (2) the SEV drives a short distance in the morning,
then parks and plugs in for a large portion of the day (e.g., back at home, or at a workplace), such
that the solar energy generated fully charges the slightly depleted battery and there soéxcess
energy for the later portion of the day to send to the grid. Reference [2] has modeled case (1) using
the driving data from 150 unique drivers and has found that, annually, 21% more solar energy
could be captured in Los Angeles, and 16% more soknggrcould be captured in Detroit, if a
bidirectionalOBC was used to send extra solar energy back to the grid during the daytime before
the first drive of the day. Adding the potential of case (2) could increase these values somewhat.
Thus, this potentially wasted solar energy is the focus of this paper,igsidgsheOBC to have

efficient energy transfer at low solar power levels can help make theskeape SEV a new
distributed energy source. Thus, SEVs can act as distributed energy sources in the emerging

distributed generation grid paradigm.
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As shown inFigure 31, a SEV charger includes two main parts: a-fmwer maximum
power point tracking (MPPT) DC/DC converter for efficiently transferring solar power from the
PV panels to the DC bus and traction battery, and apogrer OBC. The OBC consists of an
isolated DC/DC converter and a rectifier/inverter for transferring electricity between the AC grid
and the DC bus. Within th@BC, the isolated DC/DC converter plays an important role and is the
focus of this research. The LLC resonant conved® shown ifrigure 32, is commonly used for
this DC/DC converter due to its high efficiency, simple topology, and straightforward control [15],
[16]. Recent research on bidirectional LLC converters includes [27], which proposes a center
tapped transformer and new modulatidrategy to reduce EMI and switching losses for-low
voltage and higiturrent applications, [28], which proposes afmifige topology with fuHoad
range zerevoltage switching (ZVS) for lowoltage applications, and [29], which d=dan
auxiliary dual active bridge circuit for integrating different power sources but has lower power
density. Furthermore, al8vel bidirectional LLC converter is proposed in [30] which is flexible
to operate at different loads and integrate differeawegy sources, but the efficiency is low.
However, these advancements are either not suitable for the@Bgetpplication and/or do not

focus on the efficiency at the very light load conditions important for the SEV V2G operation.

PV MPPT DC Bus  Battery
anels Converter i_rL:
P (DC/DC)
AC Rectifier Vi Isolated
Grid o /Inverter DC/DC
(AC/DC) Converter

On-board charger

Figure3-1. Block diagram of the SEV charger
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Figure 3-2. Traditional FB LLC resonant converter

The use of SEVs for V2G power flow presents a new power electronic challenge: while
Level 2 gridto-vehicle (G2V) charging often occurs around 6.6 kW, the solar V2G power flow
would have a peak between 600iV800 W for a largescale integrated SEV [2], ],7and would
be even lower near the start and end of the day or under cloudy conditions. Many researchers have
focused on improving efficiency across a wide load range. For LeD8I@, the rated charging
power is usually 6.6 kW and the minimum chargiogvpr considered is usually 1.5 kW or higher,
as described in [16] [19], and these topologies have poor efficiency at the very low power range
of 200 W to 800 W, which is the critical power range for the SEV application (under 12% of rated
load). For LLCconverter efficiency improvement at light loads, several approaches have been
proposed. Reference [20] proposes a fugdtime compensation circuit for high liglad
efficiency which improves the performance of the resonant tank irléghtconditionsput the
auxiliary resistor, capacitor, diode and switch will decrease the converter power density and reduce
efficiency at high loads. A new synchronous rectification control method is proposed in [17] to
increase the efficiency and voltage gain. Compaoethe traditional control, at the same load
conditions, the switching frequency is lower which decreases the switching power losses.
However, the characteristics of the LLC resonant converter with parasitic capacitances limit the
use of the proposed caal to only high voltage gain applications, so it is not veelited to the

OBC application. In [22], the approach is to reduce the voltage across the transformer to reduce
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magnetic flux to reduce core losses. Using circuit reconfiguration, the converter in [18] can work
with a haltbridge at light load to increase efficiency, but a fquadrant switch is needed which
increases the converter volume and cost. References [23] propose new control methods with

duty cycle regulation to increase the converter efficiency but these controls are only effective in
converters that always boost or always buck, and a dc bias caused by the control complicates
transformer design, maig it not ideal for theOBC application. The contribution of this paper is

the development of a DC/DC converter for thebmard EV charger that can achieve high
efficiency at 6.6 kW in the G2V direction as well as high efficiency at 800 W and under in the
V2G direction. The traditinal LLC converter shown iRigure 32 is used as the benchmark due

to its high efficiency, simple design, compact size, and the fact that it has been widely applied by

many researchers and in many commercial products.
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Figure 3-3. Traditional HB LLCC resonant converter
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Figure 3-4. Proposed bidirectional LLC+C converter

The power loss breakdown of the 6.6 kW bidirectional charger in [23] shows that 78% of

the total losses come from the semiconductor switching and conduction losses and 5.1% comes
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from the transformer core loss. However, since the transformer core loss is constant with changing
load, it will form a much larger percentage of the losses when the charger power is < 800 W. This
analysis shows that to increase efficiency, it is advisableuse switches with low eresistance

to reduce conduction loss, ii) achieve saMtitching to reduce switching loss, and iii) decrease
transformer core size to reduce core loss. Especially for the low power SEV V2G power flow,
reducing transformer ce loss is important to attain high efficiency since core losses are not
proportional to the load.

The approach of this research is to utilize two smaller sapeel transformers in the LLC
converter, such that at low power, one transformer can be used, reducing core losses due to reduced
core volume and flux swing in use. However, the traditionalduige topology does not allow
for enough loss reduction at low power to meet the goals of the SEV application. In [24], to broaden
zerovoltage switching (ZVS) range and achieve high efficiency, a shared lagging leg is in series
with a hybrid fultbridgehalf-bridge (FBHB) converter and two different transformers and diode
rectifiers are paralleled. Despite having good efficiency, the large number of components and
complex control make it impractical for EV applications. Reference [15] proposes to thduce
number of components by connecting the capacitor to the prsideymidpoint of two same
sizedtransformers andses four fulbridge switches to operate in different modes to increase the
efficiency at light loads. However, the converter in [15] rsdirectional whereas the SEV
application requires bidirectional operation. The structure in [25] parallels the primary side of two
different transformers and cascades the secondary side of them to achieve high efficiency
bidirectionally, but its efficieng at light load is lowFigure 33 shows the traditional HB LLCC
converter [16]. A resonant capacitor is in parallel with the secondary side of the transformer to

achieve efficient small volume power supplies. A new sdyijes LLCC resonant converter with
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two secondary side windings is proposed in [20] which shows that the LLCC resonant converter
has better performance of both efficiency and voltage gain at low power, but has lower efficiency
and is difficult to control in high power applications [26], sonot wellsuited to theOBC
application.

To achieve high efficiency at high load, different FB LLC converters are widely used in
the aforementioned literature. Usually there are eight switches aneseéuiansformer operating
in both directions, so it is difficult to reduce switching andedosses. In heavy load applications,
these two losses are a small part of the overall loss. However, in lower power applications such as
the V2G SEV application, it would be very challenging to achieve a high efficiency without
reducing these two lossda order to address this issue, this paper proposes a topology with fewer
switches and a reduceiize transformer in the V2G direction, which is a combination of LLC and
LLCC converters and can achieve both high efficiency and wide voltage gain agrdifi@ads.
The proposed novel topology is named the LLC+C converter since it has a hybrid operational
mode, and can operate as an LLC resonant tank for high power in the G2V direction or as an LLCC
resonant tank for low solar power in the V2G directiorfedttures: i) the combination of LLC
resonant and LLCC resonant converters, ii) bidirectional operation, and iii) high efficiency at light
load (i.e., 200 to 1000 W) in the V2G direction. The converter was first proposed in [26] and this
paper extends thisvork by: i) analyzing the transformer leakage inductance, ii) analyzing
transformer parameter mismatch for optimal design, iii) analyzing the voltage gain of LLC and
LLCC resonant tanks, iv) presenting updated simulation and loss breakdown results, and v)
presenting the prototype design and experimental results. S&:fopresents the detailed
converter operation and SectiBr8 presents the analysis and design of the proposed converter.

Section3.4 shows the simulation results, in which the efficiency of the proposed converter is
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compared to that of the traditional LLC converter. SecBdipresents the prototype design and

the experimental results. Secti@6 concludes the paper and discusses future work.

3.2Proposed Converter Operation

3.2.1 Operational Analysis of the Proposed Converter

This paper proposes a bidirectional LLC+C converter for SEV chargers, as shié\garm
3-4, which operates as a FB LLC converter in G2V mode and as a HB LLCC resonant converter
in V2G mode for lower solar powers. The siegluced transformers are used to reduce the core
loss in both directions, which is especially important in thepower VA5 operation as the power
rating of two samssized transformers is 3.3 kW each, half of the total 6.6 kW, and a lower switch
loss is achieved because fewer switches are used. The iyt which is connected to the
rectifier/inverter inFigure 31 and he output i8/vatWhich is connected to the traction battery. The
primary side adopts a FB circuit with silicaarbide (SiC) switches; 4. Midpoints A and B of
the circuit are connected to a resonant tank consistibg ahdC,. Two pairs of windings of two
samesized transformers are in series and their prirsadg midpointO, is connected to the
midpoint of bus capacitors while the secondary midpOyis in cascade witlCs.. SIC switches
S5-Ss and diodes BD; form the rectifier circuit. The sendary leakage inductante;, which is
the equivalent inductance &f, works in the secondary side resonant tank. In the proposed
converter, the two pairs of resonant tanks and transformers have the same parameters.

By using different modulation strategies, the converter can operate as a FB LLC converter
or a HB LLCC converter. For a better explanation, all inoperative components are marked by
dashed lines in the following figures. For G2V operation, the convertewaik as a FB LLC
converter to transfer power frovfausto the battery, as shown kigure 35. In G2V operation, $

S and S, S will conduct complementarily. To transfer solar power to the grid for V2G operation,

45



Ss and 3 will operate as a HB LLCC converter and turn on complementarily, as shdvigure

3-6. For this operation, the energy frafsis transferred throug¥us to the grid. Any parameter
mismatch between the transformers will cause an unbalanced current proportional to the
inductance mismatch. Transformers with tight tolerances shall relieve this pr@éntor a
mismatch of other components, frequeoptrol or duty cyclecontrol have been proposed to
balance the currer27], [28]. Otherwise, it will perform the same as ttnaditional FB LLC
converter as shown figure 37. S/S and S/Sg will conduct complementarily. Current through

the resonant circuit will rises as/S; turn on.
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Figure 3-5. G2V operation for vehicle charging from the grid
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Figure 3-6. V2G operation for solar power transfer to the grid

Figure 37 andFigure 38 are sketches of relevant waveforms in the proposed converter
under high power conditions. In V2G operation, which is at lower power than G2V operation, only
the upper transformer is used a®dand Ss conduct complementarily whil&; and S turn on

symmetrically, as shown fRigure 39. Beforeto, Ssis off andis1is zero. As shown ifigure 38,
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atto, S and D are off, and the deadtime between the complementary switches allows time for
energy stored in the magnetizing inductance to discharge the parasitic capacitorf s $

will be turned on at zero voltage switching (ZVS) at the next switch Adrops down to zero
when the phase changes, the primary side switches can realizgvgdifiing. In the meantime,

the top capacitoCo1 is discharging and its voltage drops. The bottom capaCipnaturally
discharges through the load a@¢l. During intenal 2 fromt; to t> (Figure 39(b)), Ss turns on at

ZVS, and the current starts to charge the resonant tanks as Well 8sfferent from traditional

LLC converters, apart from DC blocking function, the secondary side cap&sitaiill also
transfer energy from the battery. The combination of the LLC resonant tad&mwn the LLCC
resonant tank in the proposed LLC+C converter which is efficient at low power applications. Thus,
in V2G operation light load, only 2 switches are operated in the HB LLCC witkswiifthing,

and one smakized transformer is used to redeoee losses, giving higher efficiency and power
density compared to other hybrid bidirectional LLC converters. Though the intended V2G power
level is < 1 kW for gcess solar energy, the proposed topology can transfer up to 3.3 kW in the

V2G direction.

3.2.2 Optional Design for 6.6 kW V2G Operation

The primary focus of the proposed bidirectional converter is to efficiently transfer low solar
powers to the grid when the SEV battery is fully charged, as V2G operation that discharges the
EV battery will reduce battery charge that may be needed foefdtiving trips and can negatively
impactbattery statef-health. However, during emergencies such as power outages, higher V2G
power may be desired. The proposed convertéigare 34 can send 3.3 kW back to the grid
using the upper transformer. However, if the Vehicle Technical Specifications require a higher

V2G power, an optional simple change can be made to the converter to allow it to transfer power

47



across both transformers in the V2G direction, meaning the full 6.6 kW can be transferred. The
proposed optional design is to replace diodesidl > with switches $and 3 to create a FB
structure on the secondary side, as shoviigare 310. This optional design works as a FB LLC
converter to process up to 6.6 kW in the V2G direction. When lower V2G powers are required, it
will operate as a HB LLC converter, using only&hd S on the secondary side and the upper

transformer, to achieve the desiregrefficiency for solar V2G power transfer.

: \/
H gsl

0 t

\

0 B 1000v/div
— :

0 [HLAL
; //'\\ Vegr d MmN

305 A" - LOEV i \\ t

- Voss Vot koo o

o —l 200x | i M ¢
to t t2

Figure 3-7. Detailed waveforms of G2V operation
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Figure 3-9. Mode diagrams of V2G operation: (a) Interval 1; (b) Interval 2

3.3Prototype Design

3.3.1 Transformer Parameter Mismatch
Ideally, the leakage inductance of the two transformers is identical and there is noigurrent

in G2V operation. However, during manufacturing, slight parameter mismatch in transformers is
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possible, which is a potential disadvantage for the proposed converter. This issue can be minimized
with tight manufacturing tolerances.

Figure 311(a) is the equivalent LLC circuit of two LLC resonant tanks. In ideal conditions,
I1=I>, and the circuit irfFigure 311(a) can be shown &sgure 311(b) by simplifying cascaded
inductors and capacitor€,1 andCo2 equally share the bus voltage\&s1=Vco>=0.5Vwus 1 and
rr1 are the copper resistances of transformer 1 (top) and transformer 2 (bodspeytively.
Magnetizing inductancémi, Lm2 and leakage inductandeyi, Lpr> are parameters of the two
transformers respectively. UnilgsieMpmanel,areat i 0s
the currents through the two resonant tanks.
and currents in thiBigure 311(a) can be derived as

1
VCOl = Il[jM/(Lprl +Lm1) rT-:Il] (3_1)
jnuC

pr

1
VCoz = Iz[jw(l‘prz -H'mz) — rTﬂ (3_2)
jucC

pr

The leakage inductance mismatch is definekl @& e copper resistance mismatch is defined

asm. They can be expressed as

r.T 2

m=T (3-3)

T1
L

k = —Pr2 3-4
- (3-9)

According to 8-1)-(3-4), resonant tank currents can be obtained as

— Vcol (3'5)
. 1
J M/( /+1)Lpr1 -'W r:Fl

pr

I1

. Veoo - (3-6)
JVV( /+1)kLprl -JT ﬁ:”cl'l

pr

I 2

50



+Cor SiiRs Silf & Ly T Ly St SLif

A 1 'W“—g -
Vi Opj3t Os & = Ct =2V
bus &_ iop B g D o bat

=
Cpr Lpr T Ly S(’_JE[% Ss_jﬁ_ﬂ

02T SZJ'_ SU'_

Figure 3-10. Optional design for 6.6kW V2G operation based on the proposed converter

The mismatch i mpact on the transfowhicmer 6s

defined as follows

(3-7)

wh e r e f, andfdsthe resonant frequency. For the prototype;13.5mY , f =300kHz,

Lii= 15pH, Cp=18nF which will be explained in the following discussion.

Cor Lon m 0.5C, 2Ly
+ o— I o—it Aos8 -+
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Veo i’ ?Lmz ° J R [
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Figure 3-11 LLC Resonant circuits of G2V operation: (a) Two LLC resonant tanks; (b) Equivalent circuit
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Figure 3-12 Copper resistance mismatch influence

The imbalance current caused by different mismatch coefficients is analyzed separately in
Figure 312, Figure3-13 andFigure3-14. Normally, inOBC applications, the copper resistance
is only dozens of milliohms which has a negligible influence on the imbalance curremt Astio
illustrated inFigure 312, the current imbalance ratio will be less than 0.0016 whehanges
from 0.5 to 1.5 where=6, k=1 is used as an exampkggure 313 shows the leakage inductance
mismatch influence on, which uses=6, m=1 as an example. Normally, the mismatch will be
within 1% and the current imbalance will be less than 1.2%. Ik\W.&pplications, the maximum
RMS current will be 15.A so the maximum imbalance current is 0.1884Two transformers

with tight tolerances are desired for the applicafid®i.
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Figure 3-14. Inductance Ratio mismatch

Also, the inductance rat@will influence the imbalance current ratiat differentk. In order
to relieve the unbalance current as much as possible, the inductaneesiatitd be optimized as
well. Figure 314 illustrates the relationship betweamand o at different inductance ratios. To
clarify this relationshipkis fixed to be 1.001 here. As shown in the figure, the current imbalance
will be smaller asdincreases. As a result, in this applicatiosehould be as big as possibled the

unbalanced current will be around the acceptable 1.25 e#8&n
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3.3.2 Design of Resonant Parameters

Table 3-1 shows the system parameters for the proposed converter. This paper targets to

design a 6.&W dc/dc converter for a Level

charager

which will We

outlet[29], [30]. This AC voltage will be rectified as 450-700V DC voltage. The target battery

is a 400V battery pack and the minimum voltage is set to b& 30&v h e n

it 6s

charged voltage is 420. The converter works from 300/15.7 A to the maximum power of 6.6

kW at 420V/15.7 A where it works at the constant current (CC) mode. Thewiiches to the

constant voltage (CV) mode until the battery is fully charged.

Table3-1 System Parameters

depl et ed

Parameter Value
Bus voltage (V) 450-700
Battery voltage (V) 300420
Maximum G2V charging powdgkW) 6.6
Maximum V2G PV power (W) 1000
Resonant frequency (kHz) 300

Under ideal conditions, the input and output voltage for identical transformensdl
should be divided by 2. The following analysis will take transformersTan example. As a result,
the maximum transformer turns ratigaxand the minimum transformer turns ratiqn is derived

as

_Vous max! 2 700V /2

max (3'8)
Vo /2 300/ /2
V, /2
N = bus_min 450/ /2 (3-9)

Vi 12 420/ /2

bat_ max
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The turns ratio should be constrained 88) and 8-9), as in 8-10). Turns ratio will affect
the number of primary turn§f) and secondary turnsld) which will have an impact on the total
loss of the converter including copper loss and core lossinéreases, the secondary tuis
drops which will increase the flux swing on the core, and the core loss will increase. Furthermore,
if nincreases, to realize the same voltage gain of the system at the operation frequency range of
this design, the operation frequency goes up which will increase the core loss and switching losses.
A higher turns ratio will also result in higher copper loss, as for the primary Ngamd\s (for a
constant battery voltage which meads fixed) more turns will be added by. Thus, the turns

ration = 1.2 is selected for the initial design, since it is in the lower portion of the acceptable range.
Nein ¢n ¢nmax (3_10)

3.3.2.1 G2V Operation LLC Parameter Design

In G2V operation, the proposed converter works as a FB LLC converter and its switching
bridge gain is 1. For each transformer, the input voltage is fronV2®5350V and the output
voltage range is 150 to 210V. For each LLC resonant tank, its maximum gain and minimum

gain range are calculated as

n\, /12

M =2 o 4 (3-11)
\/bus_min/2

M = Mo 2 5 6 (3-12)
Vs mae! 2

bus_max

The equivalent LLC resonant tank is illustratedrigure 3-11(b). Normalized operating
frequencyf,, LLC resonant frequencly, reflected load resistand®c: and quality factorQ, are

defined as
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fr,o 2
I r
=
I Zp Lprlcpr
| 8
A =— & RO
% R 7 (3-13)
;{ 2Lprl
o= 0.5C,,
i R,
As a result, the voltage gain of LLC resonant tihkc can be derived as
nv,, l f2/
Mic = = (3-14)

Vbus ‘\/g/ +1)fn2 1 28 :ﬁ_nz (fnz 1)_2 /2Q2

wherefs is the switching frequency.

Based on %-14), further optimization of the inductance ra#ids analyzed irFigure 315
which shows curves of gain versus normalized frequency at differEot a better illustratiorR
i s sel ect eMischasenFole 0. Allrcutves cross at the resonant frequency point
and have unity gain at this point. For the gain between 0.9 and 1, the normalized frequency regions
will shrink from 1-1.36 to 11.28 assdecreases from 13 to 7. From the analysis in Se8t®ha.2
the inductance ratieshould be bigger than 8 to alleviate the unbalanced current problem. For the
minimum unbalanced current and a smaller operating frequency reggaoptimized as 9 here.
BasedorR=26. 72 Y at 6 fagorisMptimizdd @s 2d & adtér itetatjofdd].
Consequentlylm1 is calculated as 13 H, t he r e s olpmdsnlbe H nalud t ame «
resonant capacitan€®y is calculated as 18F for the benefits of ZVS operatiolVhat need to
be mentioned is that for the practical design, necessary cooling is neede@,smitleheat up at

a highoperation frequencyl.o verify the design above, based 8rlé), Figure 316 indicates the
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voltage gain for loads from2¢ t oY1 0When nor malized frequency
voltage gain increases from 1R#26.72Y whi ch wusually is the minim
of 400V vehicle battery to more than R&200Y whi ch i s wi de3ll)and&n r e s u
12). As a result, the preceding design meets the voltage gain requirement.
3.3.2.2V2G Operation LLCC Parameters Design

In G2V operation, as shown irigure 317, the secondary capacit@Gs forms a LLCC
resonant tank with the primary side LLC resonant cirdeitis the primary side equivalent
resistance olco1. Due to the fact that the voltage @f.> will be as same a¥co1 since both
capacitors are charged complementakity,s equals twiceé/co1. Csr is reflected to the transformer
primary side a€s/n?. As the switching gain is for a full-bridge and 0.5 for a haliridge, the
primary and the secondary equivalent voltage i¥/fssand 0.:iVhatrespectively. The LLCC
resonant tank voltage gain can be deduced as follows, whe@&s. The converter will work in
V2G operation aVvh,=380V-420V when the traction battery is fully or neaffiylly charged,
because if the battery stat&écharge is low, the solar energy will instead be used to charge the
battery. To alleviate operation complexity, the output voldgerange can be reduced to 660V
700V. Re, Cor andLyr are in series which can be definedzasn (3-15). Similar,Ln is in parallel
with Zo and the equivalent impedance is shown3% 6 ) . As a result, accor

voltage law, the voltage gaML.cc is calculated as3(17).
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Figure 3-17. Equivalent LLCC circuit for G2V operation

The LLCC resonant frequendyis defined by cascadin@yr, Lpr andCs/n? as shown in&
18). Based on3X17), the voltage gain is plotted igure 318(a) which indicates all gain curves
are intersected at unity gain where the operation frequeaqualds. Compared to LLC resonant

tank, LLCC has much higher voltage gain ranges which makes it suitable for the boost operation
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in the V2G direction. A¥a=380V-420V andVpus=600V-700V, the LLCC voltage gain should
be calculated in3-19) and 8-20) as from 1.19 to 1.535. From the zoonmeglot Figure 318(b),

the operation range is from 0.35 to 0.55.

. 1
Zy=R +wi, TVDC_ (3-15)
pr
Z=7,1jm,, (3-16)
o | w2
LL.cc — 317
0.5nV,,, ‘zo(z+ 'm:l/ ) (3-17)
-I Sr n
¢ n’C, +G,
* 2 JLC.C (3-18)
M _ Vbus_min
LLCC_min — —~, 3-19)
n\/bat max (
Vbus max
Miicc max = N (3-20)
bat_ min

3.3.2.3 Transformer Design

The transformer design is critical for the overall converter efficiency as it determines core
losses. To compare the efficiency betweentthditional FB LLC converter and the proposed
converter, two sets of transformers are designed. Equ&tdh) (shows the flux densif§, where
ool is the approximate temperature rise (40 i n t hi s desi gnf)is,300tkHze i npu
andBVA is 3.3 kW as the maximum power for each transformer in the proposed converter and 6.6
kw for the maximum power for the transformer in the FB LLC converter. The core has a
coefficient of heat transféx=10, dimensionless constakis40,k:=5.6,ky=10, voltage waveform

factor of the square wavefork=4, core stacking factd¢=1, window utilization factok,=0.4,
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and electrical resistivityw=1.72x10° [35]. The core material is M@n Ferrite DMR96 and the

material parametersake= 16 . 9, U b=1.89[32]33], and

oo IKDTE Kk
o7 2 E 715 VA (3-21)
2°[r K K] K K, 17122

The flux densityBo is 0.145 to the FB LLC transformer and 0.163 to the LLC+C transformer.

Both Bo are smaller than the peak flux density (0[89]) so that the optimum fluxlesign is
unlimited by saturation. To select the core,Apequation is applied in this design for the product

of the core window winding area x cressctional area, as shown B+42) where

30 . - 1.6 T i 3
5 ——R =400 g ——R =400
£ 25 ——R =800 | g Ls| —R =800 | |
o R =1200 e R =1200
o e @) e
= 20 Re=1600 1 > _Re=1600
S — R =2000 8 1.4 ———R =2000|
Gy 15 ¢ 4 — c
5 o
e =
< L
S 10 S 1.3
(0] (]
2 s5r g
= = 1.2F
= E
0.2 0.4 0.6 0.8 1 0.35 0.4 0.45 0.5 0.55
Normalized Operation Frcqucncyfsr Normalized Operation Frequency fSr
(a) (b)

Figure 3-18. Gain curves of G2V operation at differdft (a) Gain curve &t from 0.2 to 1; (b) Gain curve &t
from 0.4 to 0.5

Kt is a core coefficient of 1.72xE(Q33], as

24 VA
A = V28 1% (3-22)
K, B,k K. kDT
In addition, the magnetizing inductance can be derived as
— \ batTd
) 16frCosstus (3-23)
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whereTy is the deadtimd; is the resonant frequency, a@eksis the parasitic capacitance of
the SiC switchegl5]. The resonant inductdar can be derived from the inductance rasidm/L;

whereadis 9 and the resonant capaci@rcan be derived fronB(24) as

1
fi=— (3-24)
" 2pJLC
The core loss is proportional to the core effective volume at the fixed frequency. Under low
power applications, transformer core loss comprises a large part of total losses and can be

calculated by the Steinmetz equatj84].
P =kf* B’ (3-25)
k is the coupling coefficient which is derived as

K= Ke
= 3-26
2515 211 1044 6.8244 ) (3-26)
a+1.354

whereP, is the timeaverage power loss per unit voluniéandb are corematerial related

Steinmetz parameters as 8141), andgB is the maximum flux swing defined as

V.,

- S

_-4NSA: f_ (3-27)

whereNs is the secondary turng is the secondary voltage across the transformeAarsd

the core effective crossectional area. The total core loss can be calculated as
P.=PV (3-28)

wherePse is total core loss and is effective core volume.
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The primary turn®\, is illustrated a$35]

3
N, :M (3-29)
K, B, A

whereA¢ is the crossectional area of magnetic core. For the prototype design, the value of
Np is calculated as 8. Since a choiceNgf= 7 would have given a turns ratio close to the lower

bound in 8-9), Ns = 6 was selected, giving a final turns ratio of 1.33 for the prototype.

Table3-2 Converter Design Comparison

Parameter Proposed LLC+C Converter FB LLC Converter
Turns ratio 8:6 8.6

Core type EE42/21/15% ECW64A
Materials Mn-Zn Ferrite DMR96

Coreeffective volume (cR) 34.6X2 112.57
Ay (cnt) 5 13.51
Ac(cn?) 1.78 5.3

MLT (cm) 9.3 10.62
Primary DC resistani387x® 44.3
Secondary DC resi st i29% 33.2
Resi stance per uni't

(mY/ m) 5.211

Skin effect factoks 4.16

Primary AC resi st ani2125% 242.7
Secondary AC resi st i159.3® 159.5
Relative core loss 0.29

(W/cm? at 200mT, 100kHz, 25€) :

Core loss

(W at 200mT, 100kHz, 25€) 102 32
Magnetizing inductancem ( € H) 135 75
Resonant inductandex( € H) 15 16.51
Resonant capacitan@r (nF) 18 17
Secondary capacitan€z; (nF) 47 N/A

SiC haltbridge module CABO016M12FM3<3 CABO16M12FM3*4
Diodes FFSH5065Bx2 N/A

The primary copper resistand® is proportional to the mean length of core (MLT),

resistance per unit length)(@ndN, which is shown as
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R, =(MLT) N,r (3-30)
At high frequencies, the skin effect and the proximity effect give rise to increased loss in

conductors, due to the nemiform distribution of current in the conductors. These effects are a
direct result of Far aday 0s tdoppoesetheflwecreatddynthe ddy
windings by the AC currents. D o-frequiencydopsoxiniity r mu | a
effect loss with sinusoidal excitati¢d2]. Defining the DC resistance R& and the AC resistance

asRac, the skin effect factor is defined ks=RadRy:

k. ° 0.5, Jof g . (3-31)

wheregpi s t he magneti c per me'aiahdiis yhe aettricdl r e e s
conductivity of copper as 58.7>x88iemens/nj36], ro is the radius of bare wire which is 1mm for
12 AWG copper wirg37]. As a resultks is derived as 4.16.

The proximity effect arises when the distribution of current in one layer of winding
influences the distribution in another layer. The proximity effect resistance for an arbitrary
waveform is given aBest and the optimum ratio dRe/Ry is given as 4/3 ifi38]. The secondary
DC resistanc&s can be derived d3/n and similarly, the primary AC resistanBgac) equals the
product of the secondary AC resistaftgc)andn. The secondary parameters can be calculated
accordingly. The results are illustrated in Taki2

Table 3-2 shows a design comparison between the different converters. Parameters of the
proposed converter are based on the analysis above and parameters of the FB LLC converter are
proposed in[23] which is designed for the same application and test condition. For a better
understanding of the core loss optimization in this paper, the core lossesrak, 2000kHz, 25C
are calculated in the table based on the datasf@Htg40]. It shows that the core loss of the

proposed converter is only 28 which is 62.5% of the reference design. In the proposed LLC+C
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converter, the mukwinding design decreases the total core volume compared to the traditional
FB LLC converter which can significantly decrease total core loss and achieves a higher efficiency
especially under low power conditions. It shows 12 W lowssds at 2000 T, 100kHz, 25€C,

which at 600W V2G operation, is 2% of the total power.

3.4 Simulation results

Two 6.6 kW bidirectional Siébased converters are designed and simulated in PLECS: the
proposed LLC+C converter and the traditional FB LLC converter for comparison. Operational
waveforms of G2V operation at 6.6 kW are showRigure 319. The turroff time of S is before
its driving signal which achieves ZVS and decreases loggesndios remain near zero which
illustrates the optimal inductance ratio is effective in suppressing the unbalanced current. For
diodes, as the current remains zero when the voltage drops, ZVS can be realized~apmeB.

20 shows the simulation waveforms of V2G operation when the battery voltage is ¥2Q1¥,

600 V, and the power is 800Ws &n also realize ZVS as it turns on after the dsaure voltage

drops to zero which decreases the switching loss. The cap@gitot only works as a component

of the resonant tank but also eliminates the harmful loop current between diodes and the
transformer which also decreases various losses.

Figure 321 shows the simulated efficiendyof the proposed converter compared to the
standard FB LLC converter 8bat= 420V andVus= 600V, whered is defined as

P.icn -Pee P P

switch ~ ' core copper othe

P

n

h= BJut, PLECS ™~

(3-32)

where PLECS gives input pow&, and output powePoupLecs AS PLECSconsiders
conduction losses directlyut notswitching loss, transformer core loss, etc., the actual output

power should be theLECS output poweninus theother lossesSwitching losPswitchis obtained
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from the PLECS thermal top41]i [46]. A dedicated semiconductor loss subsystem is utilized in

PLECS to estimate switching losses where parameters from the datasheet of CREE SiC module
CABO16M12FM3 are applief4d7]. This subsystem includes five blocks: MOSFET parameters

block (Ri=16 mY, @&xX1 eV¥nalxRlerYa,pardiers block (¢5.5 V,

Rnm0. 06875 YY), peri odi c avY),eeriadicamplise averkge blaxks e r a g
(averaging time=1) and heat sink (initial temperature=€5 thermal resistance=0.49321 K/W).

In the semiconductor parameter blocks, thermal descriptions of the SiC module are provided by
CREE[47] [48]. Transformer core losses are added based on the preceding calcuba@sns3-

26). Transformer copper loss is calculated frBgppe=1’r wherel is the rms current through
transformer windings andis the AC winding copper resistance which has been calculated in
Section3.3.3 The primary and secondary winding AC copper resistances arer@42.7ar e 159 . 5
mY for the FB trmavisaodm&sJo8d the2 . L5LCPsie tr ans
includes small additional losses such as resonant capacitor loss, circuit copper loss, and other
capacitor loss.

As shown inFigure 321 (a), in G2V operation up to 6.8 kW, the proposed converter is
slightly more efficient than the FB LLC converter, especially at low power, due to the lower core
losses. At the G2V charging power of 1 kW, the efficiency improvement is 0.24%. Yet the main
focus is low solar power V2G operation, showrkigure 321(b), where the proposed converter
shows significantly higher efficiency and is up to 5.1% more efficient than the traditional FB LLC
converter because of lower core losses of thersideced trasformer and fewer switching and
conduction losses owing to fewer operating switches. At 700 W, a typical solar power charging
level for a passenger vehicle, the proposed converter is 96.2% efficient, compared to the traditional

FB LLC converter at 94.5%. tAower powers like 400 W, which represents the case of partial

65



shading on the vehicle or times of the day when the solar radiation is below its peak, the proposed
converter achieves 94.9% efficiency, which is 3% higher than the FB LLC converter at 91.9%.
Since much o#board solar power generation throughout the daybsabetween 200 W and 800

W, these efficiency gains at low power are important to maximize solar power delivered to the

grid.
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Figure 3-22 Detailed power loss breakdown at V2G 800 W: (a) Proposed LLC+C converter; (b) Traditional FB
LLC converter

As the proposed converter mainly focuses on higher efficiency at low power in V2G
direction,Figure 322 shows the detailed loss breakdown at 800/3A&420 V andVpus=600 V of
the proposed LLC+C converter and the traditional FB LLC converter in V2G direction. The overall
power losses are 28 W and 40 W respectively. Semiconductor losses are obtained directly from
PLECS as follows: the switching loss in the proposed edar is 7.04 W and in the traditional
LLC converter is 12.1%V, and the conduction logscluding switch and circuit conduction loss is

8.21 W in the proposed converter and 12.31 W in the traditional LLC converter. As per the
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discussion in SectioB.2, only one smaller transformer works in the proposed converter at this
power level. The core loss decreases from 8.95 W in the traditional LLC converter to 2.22 W in
the proposed converter, which is calculated accordin@-26) i (3-28) where the switching
frequency andpBare 146 kHz and 333 T for the proposed converter and 180 kHz andrh83

for the traditional LLC converter. As a result, the average power loss is 64846 for the
proposed converter and 7.95%M/m? for the LLC converter. The copper loss remains the same

and forms a higher percentage in the proposed converter because of the lower overall loss. As more
capacitors and leakage current exists in the proposed congtitgiincreases from 3.6 W in the

traditional LLC converter to 6.2%/ in the proposed converter.
3.5Experimental Results

Based on the analysis and parameters in Sec8dhand 3.4, a bidirectional LLC+C
prototype was built as shown lfigure 323 andFigure3-24. To relieve parameter unbalance on
the converter, four SIC moduk&$AB016M12FM3 are applied so that the only mismatch
parameters are from transformers which was analyzed in the previous section. The rated V2G
power is 6.6 kW with 300 kHz LLC operatiomc the G2V resonant frequency is 396 kHz.
Choosing this resonant frequency is crucial for achieving high power density, and it requires
careful consideration during hardware design to prevent EMI problems. Alternatively, a lower
frequency like 100 kHz codlbe chosen to minimize switching losses and reduce the load on gate
drivers and controllersThe TI LAUNCHXL-F28379D Launchpad is adopted to generate the
switching control signals. The Tektronix MSO54Hannel 500 MHz mixed signal oscilloscope
is used for measurement. The power density /843 without natural cooling and 3&/in with

the forced airflow cooling system: ATEL51:C1-RO @ 200LFM.
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Figure 325 shows the G2V waveforms with 550bus voltage at 5.8 kW and 280 kHz,
where the battery voltage is 420 Figure 325(a) illustrates that:Swill turn off ahead of the
voltage to realize ZVS which decreases the switching losses. Meanwhile, the leakage current of
iopis extremely small, as predicted.Figure 325(b), the voltage of the secondary side capacitor
Csr is stable to be half dfha SO that there is no unbalanced voltage issue on the secondary side.
Similarly, Figure 326 demonstrates that an also realize ZVS at 1 kW and 50®us voltage.

The leakage current is extremely small so that the converter can achieve high efficiency.

Figure 327(a) shows the V2G waveforms at 6@Mus voltage when the battery is fully
charged at 420 V. It indicates &n achieve both turon and turroff ZVS at 1 kW load. Under
this condition, it can achieve 600 V bus volt:
the battery voltage drops to 490 as shown irFigure 326(b), the bus voltage naturally drops to
550 V and the output power decreases to 200 W
and switching losses decrease.

Figure 328 shows the dynamic load transition process of the V2G operation when the solar
power reduces suddenly, for example due to partial shading. The battery voltage remains constant,
since the battery is fully charged when solar power is being sent to th&lygieéxample ifrigure
3-28 shows a load drop from 1500 W to 1000 W in V2G operation. As explained in the analysis
in Section3.3 the voltage gain varies as the load changes. To output lower PV power to the grid,
the switching frequency increases to @ase the voltage gain so that the bus voltage drops from

550V to 450V. Since the output resistance is constant, the output current drops accordingly.
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Figure 3-23. Experimental test platform

Figure 3-24. Converter prototype
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Figure 329 shows the experimentaligeasured efficiency of the proposed converter for
both G2V and V2G operatiofigure 329(a) indicates two typical charging voltages=300 V
& Vbhus=450 V (blue line) and/ba=420 V & Vhus=600 V (red line). At common charging powers
over 3.3 kW, the efficiency is over 98% when battery voltage is\Ma0d is over 97.7% when
battery voltage is 300 V. The experimental efficiency peaks at 98.13% at 5 kW in the G2V

operation. However, efficiency can be seen to drop significantlgveer powers. In the V2G
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direction inFigure 329(b), the test condition is the typic&a=420V (battery fully charged) &
Vbus=450V. Under these conditions, the efficiency peak is 97.4% around 3 kW. Even\at 480
solar power, which can occuiuring cloud cover, the proposed converter has an experimental
efficiency of 94.47%, which is very useful for the solar vehicle to grid application.

Figure 330 shows the experimental results for the optional higher power V2G operation, as
described in SectioB.2.2 These results show that if higher power V2G power transfer is needed,
as may be the case during times of grid outage, the proposed converter with the optional design

can achieve high efficiencies over 97%.

3.6Summary

The unique requirement of a SEDBCis that high efficiency should be achieved in the V2G
direction at solar powers that are much lower than the rated G2V charging direction. Thus, this
paper proposes a bidirectional DC/DC converter for use in SBUs that operates as a FB LLC
converter in G2V operation and as a HB LLCC resonant converter in V2G operation. With careful
transformer design and manufacturing, the leakage current resulting from the transformer
mismatch can be kept extremely low. Both dation and experimental results show this topology
decreases core loss, conduction loss, and switching loss because of the smaller core volume and
fewer operating switches. The experimental results support the theoretical analysis, and find that
at a typical skar power charging level of 700 W, the proposed converter is 95.6% efficient, which
makes it useful for SEV applications. In the case of partial shading on the vehicle or times of the
day when the solar radiation is below its peak when the powers are kmeand 400 W, the

proposed converter achieves 94.25% efficiency.
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Chapter 4

A Novel Capacitor Voltage
Balancing Method foMulti -
winding Resonant Converters
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4.1 Introduction

Soci etybs accelerating transition to electr

and requirements for isolated DC/DC converters. Electric vehicles (EVs) require i<oB@sd

[1], off-board fast chargefg] and auxiliary power modules to power lawltage accessori¢3],

all of which rely on isolated DC/DC converters. Furthermore, emerging EV applications such as
on-board solar generation pose new requirements for isolated DC/DC con{#itgsf such as
having high efficiency over a wide load range.

The dualactivebridge (DAB) converter is a weknown solution for higher power
applications, yet it has a small seftitching range, especially at light load conditid6$.
Resonant halbridge[7], [8] and fultbridge LLC converter$9], [10] allow for high switching
frequencies (and thus high power density) and provide high efficiency near the rated load.
However, the conventional LLC converter has a narrow reverse voltage gain and exhibits lower
efficiency at light loads. Thus, much reseahels focused on developing derivatives of the LLC
converter to achieve specific improvements. For examle] proposes an L3C resonant
converter for high efficiency power conversion frommrard solar panels with wide voltage
variation.

Recently, novel resonant topologies have been proposed with multiple transformer windings
and two seriesonnected capacitors with a center connection. For example, theQhu(
converter in[12] has a hatbridge primary side topology, two transformers, and is designed to
achieve high frequency and high efficiency over a wide voltage and load range, including
bidirectional power conversion. Refererjt8] proposes to connect the resonant capacitor to the
primary-side midpoint of two samsized transformers in a unidirectional resonant converter to

increase efficiency at light loads for an EMBC application. In[14], the authors propose an
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LLC+C resonant bidirectional converter with two series transformers for use@B@ef an EV

with on-board solar generation. The goal is to transfer excess solar energy to the grid at high
efficiency when the highroltage battery is fully charged, which is challenging since the solar
power is much lower than the rated charging power,sanoihly one transformer core is used for

this mode of operation. Referendd] extendd5] by providing detailed experimental results and
further analysis and design procedures. Refergiijeoroposes a similar unidirectional topology

for an offboard fast charging system with multiple outputs, it extends the topology to be
bidirectional.

However, as mentioned i4], therewill inevitably be a mismatch of transformers and
semiconductors because of manufacturing processes, which can cause unbalanced voltage on the
neutral point of the series capacitors in many of these novel resonant topologies. This unbalanced
voltage willincrease the voltage stress on switches and capddiijrdn extreme cases, this can
lead to overvoltage stress and cause device damage and/or reduced lifetimes. Furthermore, less
severe voltage imbalance may cause uneven stress on the capacitors and power devices, potentially
causing early component failurecalosses. This problem has been thoroughly discussed in the
literature[18]i [20]. Although the use of very large capacitors can reduce the impact of the voltage
imbalance, this will significantly increase cost and size.

Though many capacitor voltage balance control techniques have been proposed in the
literature for multilevel inverters and converters, these techniques are not compatible with the
novel multiwinding resonant DC/DC converters due to the fundamental eliféess in circuit
topology. For example, the neutf@int-clamped (NPC) threkevel converter is commonly
proposed for EV applications, and many control methods have been developed to balance its

neutratpoint voltage based on different modulatiofis], [21]i[24]. For higher voltage
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applications, NPC converters with more voltage levels are proposdd5nfP6] propose a new
balancing method based on new caraeerlapped PWM. Fype threedevel converters have a
similar issue an{R3] proposes its solution. Furthermore, modular rekel converters will have
unbalanced current on cell capacitors which causes unbalance issues, and different balancing
control strategies have been proposef2ifji [29]. However, for the balancing voltage issues in
multi-winding resonant DC/DC converters, these control strategies are not applicable because of
the different converter structures.

Thus, this paper proposes a novel volthgancing method for the muirinding LLC+C
resonant DC/DC converter introduced%j, [14], as shown irFigure 41, and its principles can
also be applied to other similar topologies which have LLC resonant tanks and DC link capacitors
with a midpoint. In generalhe proposed method makes use of the-trarging unbalance current
going to the midpoint of the capacitors, and slightly changes the tuom and turroff times of
certain switches at certain instants to provide the desired balancing of the capacitor midpoint
voltage VM. To t he aut horsd knowl ed g ebalanting method ts bet h e
proposed for a resonant DC/DC converter, and is thus a new contribution to this field.

The proposed method is straightforward to implement as it uses simple logic tables and few
computations. Experimental results are provided to verify the theory. The results show that when
the balancing method is employed, smaller capacitors can be usedetiwanly and safely since
the voltage imbalance issue is remedied, meaning the converter cost and size can be reduced.
Furthermore, the experimental results show that the proposed balancing method slightly increases
the efficiency of the converter. Thest of the paper is organized as follows: Secti@uescribes
the multrwinding converter of interest including the underlying cause of the voltage imbalance,

Sectiond.3describes the proposed voltaggancing method including the tird®main analysis,
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and Sectiorl.4 provides experimental results. Sectb concludes the paper.

4.2 Converter Overview

4.2.1 Circuit Description

A bidirectional LLC+C DC/DC converter for use in tRBC of a solarcharged EM14] is
shown inFigure 41, where two samsized transformers are connected in seNgs,is the de
link voltage on the grid side of tf@BC, andVhat is the EV traction battery voltagits purpose is
to transfer excess solar energy to the grid at high efficiency when thedlighe traction battery
is fully charged The converter operates as a-fulidge LLC converter in the gritb-vehicle (G2V)
mode and a halbridge LLCC converter in the vehiel®-grid (V2G) mode, since the solar power

being transferred during V2G is much lower than the typical G2V power level

==C0 S o'f S} o’f Si I:]
+ l UH} _I'_j Cprl Lpr] T| Lsrl ‘ J'—j Dl 3
i c

a it NG - !
, O, 0, ﬁ Os Ca .
Ibus pam— g b — d Co“ i Ibat
- —I}——\w—’é}

2 p) Lsrl
VM ==C03S3JE’} S—‘JE{ Cprz Lpr_ 15 S(’JEI D,%

v -

Figure 4-1. Bidirectional LLC+C converter

In Figure 41, all pairs of passive components llkg, Ls, Cor, T andCo, are marked with the
subscripts of 1 and 2 to differentiate the upper and lower circuits. Resonant tank 1 i@gludes
Lor1, andT: for the LLC resonant tank and the secondary ksideCsifor the LLCC resonant tank.
Resonant tank 2 includ&r,, Lore, andTa. Lyrs andLse1 are the equivalent leakage inductances of
the transformer on the primary and secondary sides. Two capacitors inGaraeslCo», provide
the bus voltage and the transformers' midpointle ideal voltage d€o1 andCo2 is 0.5Vwus and

Vwm is the midpoint voltage d€o1 andCo2. Two pairs of windings of two sar®zed transformers
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are in series and their primasyde midpoinO is connected to the midpoint of bus capaci®is

andn is the transformer turns ratio.

4.2.2 Cause of Voltage Imbalance

Normally, the converter works in different resonant modes as descrif#].ivnder ideal
conditions, if the switche$ o1/Co2, Cpr/Cpr2, Lpri/Lpr2 and To/T> are identical, the voltages 661
and Co2 would be 0.%hys In G2V mode, when bottransformers are in uséydre is a resonant
current flowing through each of the two resonant tanks: in tank 1, it is the current flowing through
Lpr1, calledipr1, and in tank 2, it is the current flowing througly, calledi pro. However, because
of component manufacturing differences and aging prob[&8is [31], [32], these parameters
may be different, and this mismatch in resonant tank parameters ¢akis@sdi_pr2 to be slightly
different.Due to the connection between the transformer midpOin&and the capacitor midpoint,
04, the difference betweenn: andiipre, callediop, will flow to the capacitor midpoint. In general,
iop Will Nnot be perfectly sinusoidal and may have a-aero average value, which will lead to
voltage imbalances betwed&: and Coo. Since the voltage imbalance only occurs when both
transformers are transferring power (G2V mode), this research focuses on G2V operati@. In V2

mode, only one transformer is operatiagd thus the voltage imbalance issue does not occur.

4.3Proposed Capacitor Voltage Balancing Method

4.3.1 Principle of Operation

The overall philosophy of the proposed balancing method is to slightly change tom turn
and turnoff times of certain switches at certain times to allow a small amount of resonant
balancing current to discharge the target capacitor to move the volfaGesamd C,> towards

each other. Sinc¥co1 andVeo2 are in series and add to folaus, the discharging of the capacitor
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with the higher voltage helps to balance their voltages. #ablehows the two normal switching
states (M and M) as well as the four proposed balancing switching state${PN:, and N),
where a 616 indicates the swi t.cllendrmal oparationa n d
of the LLC circuit in G2V mode, without the balancing method, includes stafevith S, andS:

on), state M (with S andSson), and the necessary deadtimes between these two states. When the
balancing strategy is used, statesdid M are still used, but additional small time periods of P

P>, N1, and N, are added to the normal deadtimes to perform the balancing.

WhenVu < 0.5Vhys States Pand B are used to increadé by dischargingCo1. Table4-1
shows that in Pstate, only $is on for a short time, and this is shown in the circuit diagram of
Figure 42(a). To operate in B the controller turns off Sslightly earlier than usual (since the
converter was operating ini by a time duration callefaance as shown irFigure 44(a). State
P1 operates fronto to t1 in Figure 44(a), wherdpaance= ti-to. During this timejop is positive (as
shown inFigure 44(a)), so fronFigure 42(a), it is clear tha€o1 will be discharged fronty to t;.

Then, the normal deadtime exists fronto t2, where no switches are on. Ta#ld shows that in

P, state, only $is on for a short time, and this is shown in the circuit diagrafigaire 42(b).

After the deadtime, state Begins. To implement state,s is turned on as usual Bt but the
controller delays the turan of S by thaance SO S is not turned on untik. Thus, fromtz2 to ts, the
circuit works in B, as shown irFigure 42(b). Again,iop is positive, and as shown Kigure 4

2(b), this cause€,1 to be discharged during this time, helping to bring the two capacitor voltages
into balance.

WhenVu > 0.5Vhus States Nand N are used to decreas® by dischargingCo.. Table4-1
shows that in Nstate, only $is on for a short time, and this is shown in the circuit diagram of

Figure 43(a). To operate in N the controller turns off $Sslightly earlier than usual (since the
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converter was operating inaM by thaiance @s shown irrigure 44(b). State Noperates fronty to
t1 in Figure 44(b). During this timeiop is negative (as shown Figure 44(b)), so fromFigure 4
3(a), it is clear thaCo. will be discharged front to t;. Then, the normal deadtime exists fram
to t2, where no switches are on. TaBl shows that in Nstate, only $is on for a short time, and
this is shown in the circuit diagram &fgure 43(b). After the deadtime, state:Nbegins. To
implement state § S is turned on as usual &t but the controller delays the tuom of S by
thalance SO S is not turned on unttk. Thus, from>to tz, the circuit works in N as shown ifrigure
4-3(b). Again,iop is negative, and as shown kigure 43(b), this cause€,. to be discharged

during this time, helping to bring the two capacitor voltages into balance.

4.3.2 Time Domain Analysis

Traditional | y-timeisl0.8s vehereTs i< theswitéhingoperiod. Since the
switching time is different in the proposed
switching cyclesk, will be required to balance the capacitors for a given starting voltage imbalance
andtraiance Hence, timedomain (TD) analysis of mukvinding resonant converters is presented
in this section to achieve this godlD analysisgives a precise description of the converter
characteristics when the switching frequency vaf&3. As [14] explains, in the charging
direction, the LLC+C converter operates at the switching frequie®dyfor the designed voltage
gain range wheré is the resonant frequency, and the operational waveforms are illustrated in
Figure 45.

The on time of each switch in each switching state is shown in Fgbldmong them, the
on time of S or S is denoted a$s1/s3,and the on time of Dr S is denoted a$s2/s4 thalancelS the

on time difference from the traditional operatiés.in[14], different switching frequencies cause
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different resonant currents which will affect the midpoint curignivhich will be presented by
TD analysis.

Table4-1 Switching States

Svgg[\éng S S 0SS Effect onVw
M1 1 0 1 i
P, 1 0 0 0 increase
P, 0 0 1 0 increase
M, 0 1 1 0 -
N; 0 1 0 0 decrease
N, 0 0 0 1 decrease

oF {0 " | £
e‘_— Iop b 4t sWE gi-\w/ |
Cot Safng  Sifn J’:ﬁ %
(b)

Figure 4-2. Equivalentcircuits whenVu<0.5Vhus (2) state Pltg~t1, (b) state P21,~t3
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(b)
Figure 4-3. Equivalent circuitsvhenVu>0.5Vps (a) state N1tg~t1, (b) state N2t,~t3
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Figure 4-4. Waveforms of the proposed control:  Y¥&)< 0.5Vhus, (b) V> 0.5Vhus

Many papers have discussed the TD analysis process for LLC resonant cof34}tE35].
For the accurate analysis of the aforementioned converter, it's necessary to explain how to calculate
iop- Figure 46 is the equivalent circuit of converters with mwlindings by KVL, and the mesh
analysis att is performed for different switching frequencies as belbgure 45 shows the
general behaviour of the waveforms of the equivalent circtytdt andfs> f.. The mesh analysis

att is performed as,

dis ()
VCprl + Lprl% -ln\/outl Vcol (4-1)

By taking its derivative with respect to time,

deprl(t) + L d2 inrl(t)

4-2
dt Ldt? (4-2)

The relationships between the voltage and current of the capacitor and inductor are,

dvcprl ( t)

iLrl(t) :Cprl dt

(4-3)
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Wy = Ly S (4-4)

Inserting the differential equation @fyr1, (4-2) into @-3), gives,

d?i ., (t)

inrl (t) + L prlC pri dt2

(4-5)

The parametric method is applied to solve this secoddr ordinarydifferential equation,

i (t) = Asinat +Bcos &

dinrl(t) .
———=aAcosd - Bsin tb
dt (4-6)
d?i ., (t
L’”zl(): a’Asin 4 -Bcos t
dt
whereA andB are constant values, akthndb are coefficients. Applying,,. (), %
from (4-6) to @-5), (4-7) is obtained:
. . 1 1
i) = AsSin———=t Bcos———=t (4-7)

‘\' Cprl Lprl \' Cprl Lprl

As the voltage ohmi equalsnVour,by appl yi ng Ki r c hthedrimatys Ci r c

loop (Cpry, Lpr1, Lm1), the voltage ove€y is derived as,

{ DCOS—t W, NV

1
\' Cprl Lprl \/ Cprl Lprl ™

whereC andD are constant values. The values of A~Dsatf; are denoted as:AD: and

Vep (1) = Csin

(4-8)

derived as in(4-9). The operational waveforms are symmetric aheyt =21T Applying iipra(ta)

S

andvcpri(ta) to (4-7) and(4-8), the following is obtained:
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Figure 4-5. Operational waveforms for LLC G2V mode. (&)= fr, (b) fs<f;
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Figure 4-6. Equivalent circuit of converters with multiindings

Table4-2 Switch On Timan Each Switching State

Switching State Tsu/s3 Tsassa
M 1/ M 2 0. 5rs'tdead 0.5T, s‘tdead
Pl/ PZ 0-5rs'tdead 0.5T, s‘tdeacrtbalance
Nl/ NZ 0. 5rs'tdead‘tbalance 0.5T, s‘tdead

- Cpfl
AL - L (\/col _n\/outl VCprl( T7:1))
prl

Bl = inrl(ta)

C
C, =i () [
1 Lprl Lprl

Dl = VCprl(ta) _Vcol AV,

outl

(4-9)
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With the constant values calculated, substituvagndB; in (4-9) to (4-7), the resonant

currenti_pri(t) is obtained as,

R rl . 1 1
ILprl(t) = p (\/col _nvoutL VCpr( tO)) sin to| I:'F-!rl(to) co t _(ﬂ)
L [C,.L JCoriLs
prl=prl prli™=prl

prl

Similarly, the expression afm: is derived from(4-4) by integrating(4-4) and using the

inductor current of mi(ta) att=ta,

n\/outlt

@)= i) (4-11)

ml

Reference[36] indicates that the initial value of the inductor currept: (ta) and the

capacitor voltagécpri(ta) are given by4-12),

. _ n\/outlp\/ I—prlcprl
ILprl(ta) - L
ml
; t )= VCol _ LP|’1 I:?oad (4-12)
ICprl( a) - 10
2 C:prl VCol
C : L 0 n\/OU L I C I
) = [ A NV, Ve i ot B §n L t P\ " cos L t (4-13)
Lpflg 2 Cpfl VCOl 9 \'Cprlerl 2Lml Cprl"prl
C a L 0 nVou LrCr
inrZ(t): _rzayccﬁ -nvoutz \@ p LZM s:jn 1 t tzp = p2COS 1 t (4-14)
Lpfz (? 2 Cpfz VC02 9 \/CprZLprZ 2Lm2 CprZLprZ
ntb I‘prl
—————=—Vouu(QM+ gph) (4-15)
Va0 =V 1V, Ao V- Va9 D)0 B
cpri\ta cal outl ' '
' (h-1)(a ) gmp (h 1{q 1)- gmp

93



Using the MATLAB Symbolic Math Toolbox which provides functions for solving symbolic

math equations, the resonant current through Lrl and Lr2 can be expre@sé®8)aand(4-14).

Whenfs< f;, iLpr1 is not sinusoidal and is divided into two half cycles as shoviigare 4

5(b). Referencg36] shows that the intial value ¥,r1 can be calculated #4-15), where

1-O:0: O
i}
(72}
Hatlatlatlatlal]

m= smae— s?h =Cos ,p
QV prl prl prl pril

1

_tb

a
c':E
a?\/ L + Lprl)Cprl
9

1O 05Q: O: O
I
|
HA

The values of A~D in4-7) and(4-8) are denoted as>AD, whenfs< f;. At ta (t=2N" ,

N=0, 1, 2¢é) ,(47Egshavh as,0 n

t. B cos; t, (4-16)

. . 1
i (ty) = A, SiN——=—=t,
o \’Cprl Lprl ’ \’ C:prll‘prl

which is simplified as_pr1(ta)=B2 and as shown iRigure 45(b),iLpri(ta) is 0, as a result, the

resonant current is shown as,

inrl(t): ll(Vcol -nVoutl chrl(ta))Sin C L t (4-17)

prl prl=prl

Figure 46 shows the equivalent circuit of the resonant tank, and by doing KCL for the node

O, iop can be expressed as,

iop(t) =i Lprl(t) 1 Lpr 2¢ ) (4-18)
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As the driving waveforms are synetrical, the on time of uncontrolled switches isTg.5
tseadWhile for controlled switches, the overall on timgd.5Tstgeadtbaiance@s in Tabled-2. It is the
operational timésaancewhich performs the rebalancing effort. Since the current through a capacitor
equals the capacitance multiplied by the derivative of the voltage across the capacitor, the number
of cycles required to balance the capacitkygan be calculated according to (4€l19), where
Cousis the capacitance @1 or Co2, andVwo is the initial voltage oV before the control starts.
Integrating fronto to t1 is analagous to integrating across the balancing tiace

K .
|VM - VMO| _C ﬁ Iop(t) dt (4-19)
bus °

Equation(4-19) provides the bus capacitor charging/ discharging energy with respect to
thevoltage deviation {ju-Vmo|) and the bus capacitan&{/Co2). Equation(4-19) can be used to
calculatek for a giventhaanceif the specific values of the resonant components are known, i.e.,
from measurement o€pr;, Corz, Lpr1, Lpr, €tc. Thus, the preceding TD analysis provides the
theoretical basis for balancing. However, in a practical situation where multiple converters are
built and each may have slightly different parameters due to manufacturing tolerances, it is more
useful touse an adaptive control strategy that does not require precise knowledge of all circuit

parameter$ such an adaptive control strategy is propaseSectiord.3.4

4.3.3 Selection ofuhiance
The minimum deadtime that should be applied for safe operation of the dikGuibis iS
defined in(4-20) based oi37], and will ensure that two switches in the same bridge are not

simutaneously on. 1(4-20), Cossis the switch's output capacitance.

=8L,C.f. (4-20)

tdead, min m ~oss
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Thus, thalanceWill always add tddead The choice of a longer or shortgfianceis a tradeoff.
For a smalletsaiance the length of time required to achieve capacitor balancing (i.e., the number of
switching cyclesk) will be be larger. Ithaancels too small, the effect of the balancing action may
be overshadowed by the imbalance naturally occuring in the circuit, so that balancing cannot be
achieved. However, ifbaianceis t00 large, two problems can occur: (1) After a certain time, as
shown inFigure 44 andFigure 45, iop will change direction to have the opposite influence on the
target capacitor. This againliyprevent proper balancing from being achieved. (2) Using a longer
thalanceleads to more losses. Takingd® an example, as showrHigure 47, after Sis turned off,
iLrz won't be zerommediately but will flow through the body diode of, &hich will increase the
conduction loss. In this sendgyanceshould be smaller if possible. To achieve a good result from
this tradeoff, it is suggested to initially chodsgance= tdead Wheretgead> taeadmin The adaptive
control strategy proposed in Sect¥B.4includes a process to detect if problghl) is occuring

from too large dpalance and shortemvaianceaccordingly.

+ S I_]E Q;JS& : JS} 3
—>ILprl

R

Figure 4-7. Diode recovery scheme

s} Su

4.3.4 Proposed Adaptive Control Strategy

Equation(4-19) can be used to calculate the number of cy&e® @pply N/N2 or P/P;
switching states if the exact mismatched parameters are known. However, this may often not be
the case, so an adaptive control strategy that can run in real time without this specific information

is useful. The proposed adaptive control strategy floshasvn inFigure 48.
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The strategy starts by getting the reference voltag€ip0.5vhus the tolerance voltage,
Viol, Which specifies the maximum error allowed between the meaSwaad 0.%ms and the
selecteddead based o01(4-20). The initial neutral voltage is measured, calfgg. If the difference
betweenVmo and 0.%¥uus is less than or equal Mo, no balancing is needed and the converter
operates normally in statesi®l. until the nextVmo measurement is read. If the difference
betweenVmo and 0.%husis greder thanVio, balancing is required and the next step is to check if
Vmo is > 0.5/wus If SO, switching states N> are used to decreas®. Initially, thaianceiS set equal
to teead@S a reasonable starting point, &fds measured again.Wiu > Vo, it means the balancing
iS not occuring as required becatia@ncels too large; thus the negaancels set to 90% of the prior
value and WN2 switching states are applied. This process is looped until the present measurement
of Vwm is less than the initial unbalance votlaygp. At this point,tbaianceis confirmed to be set
properly and WN2 switching states continue to be applied uMil | 0.5Voud <Viol. If Vmo was

initially < 0.5Vhus @ similar process is used to incre¥geusing switching statesiiP..

4.4 Experimental Results

5 Table4-3 Converter Design Comparison

Resonant Resonant

Parameter Tank 1 Tank 2

Bus voltage(V) 450-700
Coi( € F) 1200, 800, 400
Co € F) 1200, 800, 400
Battery voltage(V) 300420
Maximum charging power (kW) 6.6
Resonant frequency (kHz) 300

o 131.02
Magnetizing inductanckn ( € H) 130.06
Resonant inductandex( € H) 14.56 14.71
Resonant capacitan: (nF) 18
Secondary capacitan: (nF) 47
SiC haltbridge module CABO016M12FM3*4
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The experimental prototype is designed to verify the performance of the proposed control
strategy Since the issue of unbalanced voltage only arises in G2V mode, the followiray ¢éeists
the G2V direction Reference[14] explains the calculation of parameters for the proposed
converter. To measure the unbalanced resonant tank parameters of the prototype, a Keysight

handheld LCR meter is used, and the results are shown in4r8ble

Get the reference voltage 0.5F%,., tolerance voltage V. and #yc.q

| Measure neutral voltage I\

No balancing needed:
operate normally with
switching states M/ | Yyeg
M,

1S [PA10-0.5F bus| =V ien?

Apply switching states N,/N, and
Set ulance™Fdead

Apply switching states P,/P; and
set Thatunec=dead

Measure Fy
Is Pz Thne?

Ihalance 18 00 large:
set ’lmlmme.ne\\’ ==
0.9pq1ance and continue
applying N;/N,

I

Thatance 18 S€t properly:
continue applying N,/
N> with fy,jance until
[Pa=0-5V s <Vt

Measure Iy
Is i<V ao?

halance 15 100 large:
set /, balancemnew —
0.9%q1ance and continue
applying Py/P,

L

Tpalance 1S Set properly:
continue applying P,/
P> with #,pune until
[731=0.5 Vs <Vt

Figure 4-8. Block diagram for proposed adaptive control strategy
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Figure 49 shows the experimental prototype, where the reconfigurable capacitor stack is
shown inFigure 49(b). The C2000 LAUNCHXLF28379D LaunchPad controller is used for the
prototype due to its high speed and accuracy. The silicon carbide (SiC) module is CREE
CABO016M12FM3, and itossis 0.29 nF.The switching frequency is the same as the resonant
frequency, 300 kHz. Usin@#-20), the minimuntseaathat can be used is calculated as 94-os.
safety, this value is rounded sfightly totseas= 100 ns for use in the prototype.

Figure 410 andrigure 411show experimental results at 3 kW without and with the voltage

balancing method. IRigure41 0, t he total bus caCpacilf2@@ceFian

Co2= 1200 e©eF. The input Vcashoula gechalfiosthednpudvolddgea n d
200 V. Before balancingyith the parameter mismatch shown in Ta#i, the voltage oo is

221 V and the voltage d@.2 is 178 V, for a total deviation between the capacitors of 43 V as
shown inFigure 410(a).As the neutral voltag¥w (178 V) is smaller than O\&us(200 V), the
balancing method usasates Pand B to achieve balancing.

¥ DC source . ™

Oscilloscope §

- e
0 i
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Figure 4-9. Experimental test platform with changeable capacitor stack: (a)Tagb;sét) Reconfigurable capacitor
stack; (c) DC/DC converter

After 1.2 ms, the capacitor voltages are balanced evenly at 200 V. The corresponding switch

driving waveforms are shown Figure 410(c).
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Figure 4-10. Experimental results without and with the voltdggancing method: (a) Waveforms with total input
capacitance = -hoavefernk (c) MOSHETsdovimgnveavkeforms duriRgP. operation

For Figure 411,CosandC2ar e set to 400 eF each, so the
Before balancingwith the parameter mismatch in Talde, the voltage ofC.1 is 229 V and the
voltage ofCo2is 171 V, for a total deviation between the capacitors of 58 V, @Rddte used to
perform balancingAs the capacitance is smaller and the charging/discharging current is smaller,

it takes 1.5 ms to balance the voltage to 200 V.
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Figure 4-11. Experimental results without and with the voltdggancing method: (a) Waveforms with total input

capacitance = 200pF; (b) Zooméd waveform
Figure 412 demonstrates the dynamic waveforms when the output voltage and current
changes. Since in the target application, load changes will occur more gradually (during charging
of the vehicle battery), this fast step change in voltage and current is aca@rscenario. To
cause this change, the LLC switching frequency is changed from 240 kHz to 250 kHz so that the
output voltageVoa, increases from 338 V to 354 V. The experiment is performed using a constant
52 Y |l oad r esi stentckaages fronhGi5sA ta 6tve A. Witen tthe laadiahanges

from about 2.2 kW to about 2.4 kW¢.1 momentarily increases to 218 V a¥eh. momentarily
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drops to 182 V. The balancing control is running, and it takes abBous2or the voltage deviation

to be resolved, makindco1/Vco2 balanced again. Since the magnitudéeis not related linearly

to the output power, and the power level§igure 412 are lower than those in Figs. 10 and 11,

the magnitude oifop is 10 times smaller ifrigure 412, meaning the time required to balance is
longer.Overall, these experiments validate the effectiveness of the wiltdgecing method, so

that smaller bus capacitance can be safely and reliably used, which increases the converter power

density and reliability.

e VeallOVAdiV]
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Figure 4-12. Dynamic waveforms when load changes from 2.2 kW to 2.4 kW
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A further benefit of implementing the proposed balancing strategy is that converter
efficiency can be slightly improved. The unbalanced voltages cause extra voltage stress on the
switches which is unfavorable for the converter efficiency because DC bias: 1) increases overall
conduction losses [38], 2) affects the vsdiconds of the transformer which can lead to flux
changes [18], and 3) increases ewveter harmonics [17]. The grosed voltage balancing method
will help eliminate these effects in the conee and thus slightly raise efficieng¥0]. Figure 4
13 compares the efficiency of the prototype converter with and without balancing, and shows that
the efficiency is slightly improved when the proposed balancing strategplsmented. With the
balancing strategy implemented, the efficiency improvement is approximately 0.1% at the lower

power levels, and approximately 0.14% at the higher power levels.
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Figure 4-14. Power loss breakdown at 3 kW with and without balancing

Figure 414 shows the loss breakdown when the converter is operating with and without the
proposed capacitor voltage balancing method. The loss breakithalades conduction and

switching losses of 8%, copper and core losses of the transformers, and other losses on the
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transformersd secondary side. Wit hswitcheseandv ol t ag
transformers are even, which reduces conduction losses as well as transformer losses. The switch
conduction losses decrease from 10.2 W without the balancing method to 7.5 W with balancing.

The transformer copper loss drops by 0.3 W as waetl, the other losses have a slight reduction.
5.1Summary

This paper proposes a unique capacitor voltajancing method for resonant DC/DC
converters withmultvi ndi ng transf or mer s. To the authors
the first to focus on balancing capacitor voltages with a midpoint in a red0G4DC converter.

The method makes use of the varying imbalance current in the resonant converter, and changes
the turron and turroff times of particular switches at instants when the unbalance current is
positive or negative to allow discharging of theget capacitor, and bring the two capacitors into
voltage balance. An adaptive control strategy is also proposed to allow use of the balancing method
when the exact circuit parameter values are unknown. Experimental results up to 3 kW are
presented to alidate the theory. When the balancing method is used, smaller input capacitance
can be more safely and reliably used, improving converter power density. Future work will focus
on adapting the proposed method to work with other resonant topologies, gilytevith more

than two capacitors in series.
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Chapter 5

A Multiport Bidirectional
Converter for Fuel Cell Range
Extended Vehicles witn-
board Solar Generation
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5.1Introduction

In the ongoing battle against climate change and the scarcity of energy resources,
governments worldwide, including Canada, the US, and China, are implementing measures to
prohibit the sale of gagowered vehicles and mand#te adoption of zeremission vehicles by
2035 [1] [3]. Extensive research has focused on electric vehicles (EVs) as they operate using
electricity instead of fossil fuels [A]6]. However batteryEVs face several challengdy:Coal is
the worldodés | argest single source of electric
in 2040[7], meaning anassive deployment of PE\harging from this electricity source will not
produce the environmental gains desifd¢2) Even with large batteries, EVs have limited range
T fastcharging can help this issue on long trips but bring about other issues such as availability of
fastcharging stations, time required for fa$targing, and battergegradation effects from fast
charging B]; 3) Longer-range EVswith larger batteriesequirelarge quantities dlithium which
widens the lithium supply gapn 2035, the forecasted globe lithium supply will be 3.5 million
tonswhile the demand will grow to 4.6 million tofi8]. The larger gap will increase the cost of
vehicle batteries.

Adding a fuel cell to E¥ andreducing the battery size is a promising way to extend range,
reduce lithium requirements, and allow faster (hydrogen) refueling on long thswhile
maintaining zerdailpipe emissiong-dydrogen, with its higher energy density (180/kg at 700
bar) [11] compared to EVs (0.MJ/kg) [12] and comparable refueling times to gas vehicles, is
promisingfor on-board energy storagkeeading automotive manufacturers, including Toyota with
the Mirai, Honda with the Clarity, and Hgdai with the Nexo, have invested in the development
of fuel cell hybrid vehicles (FCHVs) [1]13]. However,FCHV challengesremain, such as

hydrogen station infrastructure investmegteen hydrogen production, and overall vehicle
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efficiency.By contrastfuel cell rangeextended vehiclesCREV9 use a small chargeable battery
for mostdaily commuts and a small hydrogen tarfkr longerdistance drives, which may be
convenient to fill ahighwayhydrogen stations, since these stations are antidifmabe developed
for nearfuture greerheavyduty transportReference [2] introduces thé=CREV conceptwith
Whole Day DrivingPredictioncontrol, andfound thata FCREV equipped with a 3G0Vh battery,
a 19.2kW fuel cell, and a 6.4g hydrogen tankvith the same cost @aBEV with a 60 kWh battery
can achieve 105% to 150% longer range than the BEV wheaftitling is not considered and
150% to 250% longer range than the BEV wherréddueling is allowed every 4 hours from the
start of the driving dayThis approach offers advantages by reducing battery costs compared to
BEVs, fuel cell costs compared to FCE\&xtending driving range, and reducitige need for
extensive hydrogen station constructieithin cities and suburban areas

On-board PV panels offer another sustainable solution for the transportation system. While
some automakers have incorporated small solar roofs into their BB qrfiposes a largscale
solar EV concept using lowost, integrated thiilm solar cells on upwarfiacing surfaces of the
vehicle, such as the roof, hood, and trunk. A modeling study6inddmonstrates that sunny
conditions, peak solar generation can reachW0@esulting in a daily driving range extension of
30km in locations like Los Angeles. Additionally,fllsuggests that solar electric vehicles (SEVs)
can act as distributed renewable energy sources by feeding excess solar energy back to the grid
when the vehicle's higholtage battery is fully charged.

By adding orboard solar generation to a FCREV, the benefits of both are combined, with
less reliance on grid electricity, less lithium required, extended range, and fast refuelingsimes.
the onboard PV pané& made to besolated from the outsid&ith a floating ground, drivers and

passengerare safe without the access to the electrical connectitmsever, numerous power
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electronic converters would be required to connect and cdhtsopowersource.Furthermore,
bidirectional chargers can serve as power sources for emergencies or outdoor activities, such as
power outages or camping@llowing solar, fuel cell, or battery energy to be usedbotrd
However, to meet thesequirementsthe use of multiple converters as showfigure5-1 is not
costeffective or powedense. A better solution is the development of a rpoiti bidirectional
charger (MPC) with shared compents, offering a lower cost and higher power densitych is
the focus of this chapter

Numerous MPC designs have been proposed in rgeamns.For example[18] presents a
threeport full bridge converter that integrates lowitage systems int®@BCs, and [19] extends
this concept by employing a novel modulation method to decouple different power sources.
Similarly, [20] introduces a modified MPC duacttive bridge converter with a thrémvel bridge
on the secondary side to connect to the-lmltage DC systemReferencq21] proposes a full
bridge nonrisolated MPC charger that can connect PV to the DC bus. Howenengysources
such aduel cellsand PV systems often have low output voltages and are susceptible to high
frequency ripple. Curreffed power converters, which are boalgrived topologies, offer low
input current ripple. Threport currentfed dualactivebridgebased MPCs are proposed i2]2
[24]. These converters, featuring a port voltage clamping capacitor on the primary side and dual
active bridges on the secondary side, can integrate multiple resources efficiently without voltage
spike issues [B. Referencq26] extends this concept to a feport MPC by dividing the dual
bridges into separate bridges connected to PV and wind ¢éud@neratorsk-urthermore [27]
presents an MPC forfael celland supercapacitor hybrid system, but it employs a mittiling
transformer, making the converter design complex. None of the mentioned converters have a

dedicated port fofuel cell power transmission, which is crucfar the proposed application of a
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S-FCREYV, and does not require an isolation transformer between the fuel cell and battery, since
both are high voltage

Referencg28] proposes a threport MPC forPV/high-voltage (HV)/battery applications. It
employs a conventional buck boost and a boost converter to track the maximum power of PV and
regulate FC power. A similar topology is introduced i8] \@ith an additional output port but with
only two degrees of freedon8(] presents a novel fivport converter to integrate more resources,
offering more control over different voltages. However, this design requires additional switches
and two larger inductors to suppress current ripple, and it increasesumaurt ripple when using
only one phase from FC and PV. Consequently, it lacks the advantages of low input current ripple,
bidirectional power flow, antligh-powerdensity.

Since no previoushproposed MPC is suitable for the propose@CREV application
described in Figure-&, this chapter proposes a nowgegrated multport bidirectional converter
with a reduced component count. A conceptual diagrathi®MPC for the SFCREV application

is shown in Figre5-2.

_. g N Isolated
Bidirection <> Bidirectional

| ) AC/DC DC/DC

Y Grid 3

DC/DC
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PV > DC/DC
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Figure 5-1. Example of a potential neintegrated power electronic architecture feFSREVs

113



‘ Bidirectional
O AC/DC

1

Partially
Isolated

Multiport
DC/DC

3

Figure 5-2. Conceptual diagram of the proposed integrated MPC-f6€REVs

Many MPCs have been proposed in the literatug [130], and Sectiorb.2.3provides a
comparison between the leading MPCs from the literature for the target application and the
proposed topology. The main finding is that no prior MPC has been proposed thatssitedll
to the SFCREV application with (i) low current ripple fthhe PV and fuel cell ports, (ii) isolation
between the PV antigh voltage batteryHVB) since the PV is generally low voltage, (iii)
bidirectional capability, and (iv) low component count for cost and size reductiorchidpseris
the first to presenan MPC specific for the-ECREV application, whiclalsohas the following
additional features: (i) it can regulate PV and fuel cell voltages at the same time to charge the HVB,
(i) an interleaved converter is utilized to process the fuel cell power, reducing filtering
requirements, and (iii) the fuel cell, P¥r HVB can provide electricity back to the gril novel
control methoctalledTriple PWM and Triple Phase Shift (TPTRS)customized for differential
modes This method not only achievesaximum power point tracking (MPPT) f&V systems
and enables multiphase currents floe fuel cell but also simplifies power control across four

different sourcesSection 5.2 describe theagposed converter anils operation Section 5.3
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analyzesthe powerexpression andoftswitchingconditions Section 5.4 showlsardware design
consideations. The simulation and experimental reste shown in Section 5.8nd a summary

is providedin Section5.5.

5.2 Converter Description and Operation

5.2.1Circuit Description

To help develop the integrated MPC, it is useful to consider the specific DC/DC converter
topologies that could be used in thgure 5-1 architecture. The isolated bidirectional DC/DC
converter in th&®©BC could be a duahctivebridge (DAB) converter or an LLC converter, both of
which have 8 switches and 1 transformer. The lower power unidirectional isolated converter for
PV power would be served well by an LLC converter, containing 4 switches, 4 diode$, a
transformer. The fuel cell is often of higher voltage and does not generally require isolation, as per
the Toyota Mirai unidirectional boost converteb]1The Mirai uses an interleavedphase
topology, with 4 switches and 4 diodes. These desigitebavould sum to 16 switches, 8 diodes,
and 2 transformers. If the fuel cell boost converter were instead designed with 2 interleaved phases,
the device count would reduce to 14 switches and 6 diodes, but the filter capacitor size would need
to increased achieve the same output voltage ripple.

The proposed-$CREV MPC is shown ifrigure5-3, whereVyysis the dc bus connected to
the AC/DC converter going towards the ghithy is the PV voltageVec is the fuel cell voltage,
and Vhat is the voltage of the HVBFigure 5-3(a) shows an option with 4 interleaved phases
connected to the fuel cell, for a total ofditches, 2 diodes, and 1 transformer, Bigaire5-3(b)
shows an option with 2 interleaved phases, for a total of 8 switches and 1 transformer. The two
diodes connected directly ¥y andVec are not included in this count because they would be

needed in any case to protect these components from bidirectional current flow. The proposed
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converter is flexible so that a different number of interleaved phases can be used, based on the

specific power levels and goals of a particular design. The remainder ofh#pterwill focus on

the 4phase option, as this will reduce the filter capacitor size, and aligns with the number of phases

used in the Mirai.
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Figure 5-3. Proposed integrated MPC forF&CREV, (a) 4phase interleaved option, (bybhase interleaved option

Maximum power point tracking (MPPT) of the PV panel is performed by an interleaved

currentfed full-bridge (CFFB) (S-S, L1 andL>) with a port voltageclamping capacitor@z). The

full-bridge converter-S§) on t he

transfor mer 6s

S e\GapAlsd,a r vy

S-S, along withS, Sio, D2, D3 and two pairs of inverse coupled inductdrsi(e) form a 4phase

interleaved boost converter to integrate theboard fuel cellVousis in parallel withC; so that

when the other sources are offline at night, the proposed converter works as a DAB DC/DC

converter §-S) to charge the HVB from the grid.

5.2.20perating Principles

The proposed MPC can transmit energy between the fuel cell, PV, HVB, and DC bus of the

OBC. Figure 5-4 presents theevenmain operating moded he operating modes used while
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driving is categorized as Mode While the modes that are active during parking are referred to as
Mode P.During Mode D1, the HVB of the vehicle is solely charged by the energy generated from
the PV system. On days with lowljstance driving requirements, both the PV systentlaaduel

cell can simultaneously charge the HVB, as observed in Mode D2. When driving at night during
Mode D3, only the FC charges the HVB. Once the HVB reaches full capacity and the vehicle is
parked, any surplus power from the PV systemlmtransferred to the DC bus and subsequently

to the grid. This operation is governed by the MPC system, functioning in Modéde&. P2 is

used for charging of the HVB, either from the grid, from the PV, or from both at the same time.
When the grid is no longer available (power outage or outside activity such as camping), the fuel
cell can send power to the DC bus (Mode P3), similar to the Honda Ql&fjtyPV power can

also be sent to the grid (DC bus) in Mode Pfeither the FC nor the PV system are accessible,

the converter works iMode P4 to allow the battery to send power to the grid (DC bus)

-—>--—>- --
-@-@ -®

Mode D1 Mode D2 Mode D3

—>CZE>

s > @ D G

Mode P1 Mode P2 Mode P3

'/®

Mode P4

Figure 5-4. Operating modes of the proposed topology
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Having numerous different modes can lead to control complexity, thus this research proposes
TPTPS control t@mplify the power flow bydefining duty cycles and phase shift fwitches in
the same bridge$-igures 5-5 to 5-8 present the main steadtiate waveformsf the proposed
circuitin thedifferent modes. Switches in the same bridge are turned on complimentarily and their
switching frequency i§with periodTs. The duty cycle o8&, S andS is defined asli , doandds
separately. The phase shift betw&mndSs is the outer phase shift The phase shift between
S andS, S andS; aretheinnerphase shifti; ando.

As illustrated inFigure5-5, whenthe fuel cellis not involvedthe converter is working in
Mode D1, P1, P2 or R4ndS-Si2 are off The duty cyclel; regulates the clamping voltage ©f
(Vous=Vr\V/dy), to realize sofswitching[18] andU controls the power flovbetweenthe primary
side andsecondargide of the transformefwo innerphase shifts control the power outsolrces
at the same sidén ModeP4when the PV antlel cellare offline, the converter will work as the

normal DAB with phase shift control amd andd; are 0.5.
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Figure 5-5. Steadystate waveforms in Mode1, P1 P2 andP4
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In Mode P1 when the vehicle is parked and the onboard battery is fdtletheellis offline,
and the PV sends power to the grid via the DC & switch atd; to realize MPPT and output
power to the DC bus. The transformer voltage.idut since there is no load on the secondary
side, thereds no current through to the secon
In Mode D2 when only the PV antluel cell are online, S-S are operating to regulate the
clamping voltage anfs-Sio are operating witll> to control thefuel celloutput power. The power
from the PV to the battery is controlled By The shiftingphase betweefs-Sio needs to be
considered because coupled inducta&ls andLs& Ls need 180°alternative currents to realize
a compact inductor design and smooth output current. For this purpose, the phases are offset by
90°each in the order ofs, &, S, andSi0 as shown irFigure 56(a). Figure 56(b) shows the
relevant current and voltage waveforms. In M&®PV and/orfuel cell poweris sent to the DC
bus, soS andSioare kept off ands-Ssturn on atd; to regulate the clamping voltage acr@ss
(Vba=Vrc/(1-dh)). S-S operates as the MPPT regulator by modifydig The power level and
direction are controlled by,
When the PV is offline and only tHeel cellis providing powey the converter works in
Mode D3.$-Soare operated if the load is larger than halfief full load yetwhen the load is
less than half of the full load, on8g-Sare operatetb decrease switching loss&ée phase delay

is the same as illustrated in MoB2. The output power from thHeel cellis controlled byds.
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Figure 5-6. Steadystate waveforms in Mode2, D3andP3 (a) Switching patterns. (b) Current and voltage

waveforms
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Need V2G powea >0 Is PV on? No ﬁl\sbaﬁeryfull? End
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No No
Is plugged in?
Is battery full?
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Yes Is FC on? Is plugged in
Is plugged in
Is PV/FC offline Yes
No
Is FC on? Yes Yes
Yes
No
Yes
Mode P4 Mode P3 Mode D1 Mode D2 Mode P1 Mode P3 Mode D3 Mode P2

Figure 5-7. Proposed antrol diagranfor different modes

As depicted in the abowaentioned section§,PTPS control provides different strategies

based on different factors suchthe PV andfuel cell statusThus,Figure 57 demonstrates the

control diagramto summarizethe control flow. If emergeyccommands come, the converter

operate in Mode P3 or Riependingo®® V/ FC6 s

a\Wren RVand Fds ot apd. HVB is

not full, the converter operates in Mode D2. If FOhist on, Mode D1 starts. If HVB is fully
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charged and PV or/and FC is on, Mode P1 owiide initiated. If PV is offline while FC is on,

Mode D3 will start.

5.2.3Comparison to Other Converters

As the first proposed multiport converter for &#SREV, it has multiple modes to transfer
power from different sources. In comparison, to realize the same functionality, there are two
possible solutions: three independent convertardour-port converters. A comprehensive

comparison is made in TalBel between the proposed topology and other possible topologies.

Table5-1 Comparison Between Different Topologies Potential SFCREV Use

Topologies Independen  nng Fpg3+sARBO  Fourport CVE TSFPC  FB-PFC  Hroposed
converters converter MPC
Reference [18], [19] [20] [21] [22] [23] [24] [25] Proposed
Softswitching Yes No Yes Yes Yes No Yes Yes
Number of switches 16 2 6 4 12 3 6 8or10
Number of diodes 8 2 4 4 0 2 2 Oor2
Number of 2 0 1 2 2 1 1 1
transformers
MPPT Yes Yes Yes Yes No Yes Yes Yes

Power flow direction Bidirectional Unidirectional Unidirectional Unidirectional Unidirectiona Unidirectional Unidirectional Bidirectional

All of the proposed topologies i2Q] T [25] have only unidirectional power flow, so do not
meet the needs of the proposeB@EREV. Furthermore 20] lacks isolation and does not exhibit
soft-switching, leading to a loweported efficiency of 93%, & does not have MPPT functionality
to maximize solar energy capture, an@][2lso does not operate with safwitching, which
negatively affects converter efficiency. Furthermore?] [and [23] utilize two transformers
whereas the proposed topology achieves all isolation requirements with one transformer, reducing
circuit size and complexity. In comparison to the other converters, the proposed converter can
achieve bidirectional power flow betéen the DC bus and battery with only one transformer,
features MPPT control, operates with seftitching, and uses currefed circuits for both the PV

and FC to reduce current ripple. The only solution from Taklethat can meet all-6CREV
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requirements is to use independent converters fr&@najid [19], but this leads to a requirement

of 16 switches, 8 diodes, and 2 transformers. This is the main advantage of the proposed converter:
it meets the same functional requirements but uses 8 switches and O diodes (fph#se 2
interleaved design) or 10 sefes and 2 diodes (for thepthase interleaved design), and only one

transformer, leading to lower cost and higher power density.

5.3 Power Expression and Sofswitching Conditions

5.3.1Power Expression
Figure 58 shows the simplified circuits for Mode P1 and Mode D3 when the converter
operates astao-phaseboost converter andfaur-phaseboost converter respectiveljhevoltage

gain and power expression can be easily obtained.
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Figure 5-8. Simplified circuits: (a) Mode P1, (b) Mode D3

For other modes when there is power flow from the primary side to the secondary side, the
transferred power changes with the changes of duty cydlem@d,) and phase shiftd), and
these relationgan bedivided into regions as shownin Figure 59. As the power flow is
symmetrical about the duty cycle Qtbe duty cycle regions can devidedinto four regions with

different colorqorangeplue, greenand peach
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Figure 5-9. Different duty cycle regions

Take the blue region as an examplee power flow from the primary side to the secondary
side can be calculateThe power expressions can be derivethasntegration othe primary side

voltagevap and leakage inductance currémt
1 T
=T e (D1, (B) it (5-1)
0

where T is theswitching periodvap is aperiodic value with the aptitude of Vbus as shownin
Figure 56(b). Referencgd32] gave theaverage current df, under differentduty cycles.As a

result,P is derivedas,

ién\;tzsyb‘Tgpdz-OBp- y 2dp g j 05 ,dp ®5 ]

|
fnVv, .V, .

p =] MowsVoaT d, | 05 ,@5
}z,or( s JU[ dp Q@ %(5_2)
In\/busvbatT i -

Jf 2p°L @'( B0 -m@, +f P2 ¢ g 1J05 -d, @5 ]

It needs to be noticed that fphaseshift contro| the reactive power (defined in pape38])3

is inherentand contributes to system power losses as well. Accordinglyeduotive poweQ is
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describedas (5-3) whend:<0.5 as the power flow is symmetricdlhe reactive power is always

zero wherdi>dz and *d;>d>>ds.
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5.3.2 Softswitching Conditions

During Mode D1 and Mode D3, the proposed converter operates in a similar manner to
multi-phase boost converters. The analysis ofa%& condition remains the same, the ZVS
condition in Mode DXan be useds an example. In order to achieve ZVS, the minimum current
flowing throughLi/L> should be sufficient to discharge the energy stored in the switches' parasitic

capacitor Cos9 during the dead timeqj. Sincel.; andl.2 are equal, the energidsy stored inCoss

can be calculated as follows:

E,.. = VIt, ——% C,. V? (5-4)

0s s

whereV, | represent the applied voltage and current thralgghrespectivelyV is equal to 0.8bus
and| denotes the average value of thmimum current flowing throughs/L,. Sincel: andL>

are identical components, their average currents are the same.

PV output powePpy is expressed by the average value ondi 2 as (55). The current

deviation ofL1 qpi1 is express as {6). By combining (54) to (56), theinductance i®btained as

(5-7).

By :VPV(|iI1| '1'i|2|) (5-5)
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5 4TV

L1 L (5-6)
d TV?
L = 1! Vev
P+ M\/Coss (5-7)
v 4t
d

In Mode P4, the converter functions as a eaciive bridge converter. Similarly, the
minimum current passing through the secondary side should be capable of dissipating the energy
stored in the parasitic capacitance, as indicat¢s-4). The phase shifiican be expressed as:

d1 - d2 2nLr\/bat Coss
2 vV, Tt,

bus

(5-8)

wheren is the turns ratio.

The most critical ZVS condition occurs in MoB2, P2 and P3wvhereiL1 andi.r provide

the energy to dratoutthe parasitic capacitanesin (5-9).
(|iLl|min + || Lr |min) :td a/bus Coss (5'9)

5.4Circuit Designand Simulation Results

The proposeaonverter employs a TPTPS control with multiple conpatameters. The
hardwaredesign should meet the system requirements, maximum power, current, but also
ZVS operationshouldbeefficient. Theconverter parameters are listed in Tab2

To strike a balance between component size and switching losses, a switching frequency of
50 kHz is chosen. In Mode P1 of the-EB converter, the parametgris set toVoudVpv. In order
to achieve ZVS during PV operation, the design of indudtoisLe is carried out usings-7) as

described in [2].
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The maximum transformer turns ratigaxand the minimum transformer turns ratiqn is

derived as
V,. 400
n =—- =— 229 .
h Vbat_min 310 (5 10)
V,. 400
n. =—— =— 201 .
" Vbat_max 395 (5 11)

If-]min ¢ n ¢nmax (5-12)

The selection of the turn ratio is subject to the constraints outlingg1if) and(5-11), as
demonstrated ii(5-12). The turns ratidias an impact on various aspects of the converter's total
loss, including copper loss and core ldsereasingn' leads to a decrease in the number of
secondary turnd\s) while increasing the flux swing on the core, resulting in higher core loss.

Moreover, a higher turns ratio also results in higher copper loss. This is due to the fact that,
for a constant battery voltage (implying a fixig, adding more turns to the primary sidé €
nNs) increases the primary turnilpj. Considering these factors, a turns ratio dfig.initially
selected for the design, as it falls within the lower acceptable range.

The ransformer core selection is critidar the hardware design. To find out thaitable

crosssectional winding aredhe Ap equation is applied as (&-14) [34],

\/za VA 8
K, B,k K.o/kDT

A=l (5-14)

All parametersn (5-12) have beerlaboratedn [34]. The core material is M#Zn Ferrite
N97 from TDK.A, is calculated a8.59 cnt. By giving some margin for the air gap ¢daseof

saturation, ETEB4 with 12.6 cnt areais selectedThe primary turnd\, is 12 calculated from
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Table5-2 Simulated Converter Details

Symbol Description Value
Vbus Bus voltage 400 V
Vpy PV voltage 40 V
Vec FC voltage 100V
Vbat Battery voltage 400 V
Pous Bus to battery power 3.3 kW
Prcbat FC to battery power 40 kW
Pecbus FC to bus power 3.3 kW
Ppv PV maximum power 800 W
fs Switching frequency 50 kHz
Li/L2 PV inductance 18 ¢H
Ls-Ls FCinductance 60 ¢eH
C Capacitance 200 ¢F
C Capacitance 500 ¢F

A simulation model for the proposed MPC was built in the PLECS environment. The

converter parameters are listed in Tab2 s only 40 kW of power is needed from the fuel cell

in this design, a fuel cell stack from EH Group Engineering is chésgure5-10 shows the Mode

D3 simulation waveforms when the converter transfers 800 W from the PV to the DC bus. The
input voltage from the PV is 40 V and output voltage is 400 V whén0.1. The optimal design

of Li/L2 ensures ZVS as shown Bys: andVasi.. The simulation waveforms in Mode P2 are also
illustrated inFigure5-11. The whole converter operates as a FB converter and 3.3 kW power is
transferred through the transformer. Waveform&ufs are captured and ZVS on both switches

are easily realized as in shown in the zoofimescreenshots.

Figure 5-13 llustrates the simulated comparative efficiencies of various maddes.

efficiency of the proposed converter, denoted @asd defined by5-16), is simulated using PLECS.
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(5-16)

The input powerPi» and the output powelPo.y: (accounting for conduction losses) are

obtained from PLECS. Additionally, the switching Id3s.ich is determined using the PLECS

thermal tool. To estimate switching losses, a semiconductor loss subsystem within PLECS is

employed, incorporating parameters from the datasheet of discrete MOSFETs C2M016R120D (

S) and C3M0015065DF%-S10), as well as CREE SiC diodes C4D4012b4-D3), as well as

CREE SiC diodes C4D40120W4-D3). Transformer core loss and copper loss are calculated as

in [16].
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Figure 5-10. Simulation waveforms in Mode IIl at 800W
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Figure 5-13. Simulation efficiency at different modes

The xaxis denotes normalized power, while thaxys represents efficiency. In Mode D1,
the PV system delivers a maximum power of 800 W to the battery with a peak efficiency of 97.34%.
At full load, Mode D3 demonstrates a comparable peak efficiency.28%. Mode P1, where the
FC charges the battery while the vehicle is in motion, attains 98.4% peak efficiency at 50% load,
and this decreases to 96.16% as the output power drops. When the DC bus charges the battery, the
peak charging power is 3.3 kW witin efficiency of 98.01%. Even at 30% load, the efficiency
remains as high as 97.03%. In Mode P3, energy transfers from the FC to the DC bus, with a peak
efficiency of 96.68% at full load. Overall, the low number of components anéwsitfthing

behaviour 6the proposed MPC leads to high operating efficiencies over a wide power range.

5.5Experimental Results

To verify the analysis and parameters in SectiBand5.4, a multiport DC/DC converter

prototype was built as show Figure 514 and Figure 5.5. The onboard PV system generates a
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peakpower of 800 WAs discussedn the introduction, a 40kW fuel cels consideredor this
application and specs adetermined based on the commercially available EH81 product from EH
Group.The voltage range is 93%06V. For the verification of the proposed converter, the fuel
cell power is scale down to 3.3kW and the FC output voltage is set to be 150V. All other specs are
calculated as equations in Section 5.3 and 5.4 and illustratedl& F3. Figure 514 shows the
experimental test platfornrThe TI LAUNCHXL-F28379D Launchpad iadopted to generate the
switching control signals. The Tektronix MSO54Hannel 500 MHz mixed signal oscilloscope

is used for measuremedts in the modes illustration, ongne ortwo power sources axeorking

at a time so two power sources are applieddorensen SGX600X250ASAR with
600V/25A/15kW cajability and ITECH IT6523C solaarray simulator with 200V/60A/3000W

output.Limited by theavailability of SiC modules, Wolfspeed CABOVA2FM3 SiC modules are

appliedhere.

Table5-3 ConverterPrototypeDetails
Symbol Description Value
Vbus Bus voltage 350V
Vpy PV voltage 100V
Vec FC voltage 92-206 V
Vbat Battery voltage 310395V
Pous Bus to battery power 3.3 kW
Prc-bat FC to battery power 3.3 kW
Pecbus FC to bus power 3.3kW
Ppv PV maximum power 800 W
fs Switching frequency 50 kHz
L4/L> PV inductance 178 ¢H
Ls-Le FC inductance 174 ¢H
Ci Capacitance 200 ¢F
C Capacitance 500 ¢F
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Figure 5-15. Prototype

The experimental waveforms captured tne Tektronix oscilloscope are presented in
Figures 516 to 521. Figure 516 showcases the steastpte waveforms of various signals in

Mode D1. These signals include the gating si§faal primary side and secondary side voltages
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of the transforme¥ap andVcq, and the leakage inductance currientTo control the power flow,
an outer phase shiftof 0.43 is employed.

In Figure 517, the waveforms in Mode D2 are depicted. Specifically, Figui& %a)
demonstrates the duty cycles of 0.45 for the primary side and 0.47 for the secondary side. The
voltagesVbus and Vst are measured as 320and 350V, respectively. AtJvalue of 0.01, the PV
output power is recorded as 4W8 while the overall battery charging power is 23¥0

Moreover, Figure 87 (d) and (e) provide zooméa waveforms across switch&sandSs.

It is evident from these waveforms that the switching process is completed before the switches
start conducting, indicating the realization of Zero Voltage Switching (ZVS) in this mbu=
thePV isnot operatingit works in Mode D3The waveformsre similar to Mode D2 and switches

on the primary side stop conducting.
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Figure 5-16. Mode D1 waveforms
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Figure 5-17. Mode D2/D3 waveforms

Figure 519 displays the waveforms for Mode P2, while operating in Mode P1 involves the
offline status of the secondary side, with only switcBeS: in operation. It is readily apparent
thatS; operates undezVS conditions.In Mode P2, the primary side duty cycles dre= 0.284
andd: = 0.32. By setting the outer phase shift to 0.24, the battery charging power is retulated

1800W. The ZVS condition of §can be observed Figure 519 (c).
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Figure 5-18 Mode P1 waveforms
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Figure 5-19. Mode P2 waveforms
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Figure 520 illustratesthe operating waveforms in Mode RB8end; is 0.29 andlz is 0.429.
Whenthe ouer phase shift equals 0.14, tA¥ power is 434N and the overall power is 2664
to the DC bus sidéelhe currerd acossL: andLsz arecaptured in (c)The zoonedin waveforms
of S andSs illustrate thaZVs is alsorealized.Figure 521 captures the waveforms in Mode P4
whenVeat andVpys are 320V and 350V respectively.To output 3kW of power, the owdr phase

shift Uis controlled as 0.31 and thener phase shiffi; is 0.1. ZVS is also observed Figure 5

21 (c).
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Figure 5-20. Mode P3 waveforms
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