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SUMMARY

Wireless charging has the potential to speed up the transition to electric vehicles (EVs)
because it is intrinsically a user-friendly technology. Furthermore, it is essential when
charging completely autonomous EVs, and it enables the charging of EVs in motion with-
out using overhead cables. The most common technology used in EV wireless charging
is inductive power transfer (IPT) with magnetic resonance coupling. This is based on the
magnetic field exchange between coupled coils connected to compensation networks to
minimize the circulating reactive power. IPT systems have two main variables influenc-
ing their operation: the coupling factor between the coils depending on their alignment,
and the equivalent load based on the battery charging profile.

As explained in Chapter 1, the coils’ alignment and load operating conditions might
vary when considering different applications. Nevertheless, all IPT systems share the
same challenges: ensuring a highly efficient power transfer, guaranteeing that the in-
tentionally radiated electromagnetic field (EMF) is both safe for the living beings in the
surroundings and lower than the recommended electromagnetic compatibility (EMC)
limits as discussed in Appendix A and providing interoperability between IPT charging
stations and EVs produced by different manufacturers. This thesis explores these mat-
ters, which content is divided into three main parts.

CONVENTIONAL INDUCTIVE POWER TRANSFER SYSTEMS

In IPT systems, the choice of the compensation network influences several factors, such
as the selection of the high-frequency inverting and rectifying power stages, the power
transfer behavior over the misalignment, the components’ voltage and current stress,
and the power transfer efficiency. Chapter 2 analyzes the most commonly used one-
component and multi-component compensation networks to understand their features.
Ultimately, guidelines are given to select a suitable IPT system for EV wireless charging.
The series-series (S-S) and the double-sided LCC (DLCC) result in the most appropriate
compensation networks because their parameters’ tuning is independent of their op-
erating conditions, they can be directly powered by a voltage source H-bridge inverter
with soft-switching capability, and, additionally, they have a load independent output
current that allows a direct connection of the output high-frequency rectifying stage to
the EV battery. The S-S compensation can potentially reach the highest power transfer
efficiency since it employs only one component. However, its power transfer charac-
teristic is strongly dependent and inversely proportional to the coupled coils’ mutual
inductance, meaning that an adequate coils design is required for each specific applica-
tion. The design process of IPT systems using the S-S compensation has been defined.
Considering a 3.7kW laboratory demonstrator, the DC-to-DC efficiency of 96.24% has
been measured at about 3.3kW and aligned coils. Conversely, with the DLCC compen-
sation, the nominal output power delivered by the IPT system can be advantageously
selected by tuning the compensation inductors. Moreover, the output power is directly
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proportional to the coils’ mutual inductance, which makes the DLCC intrinsically safe
against high variations of misalignment. The implemented laboratory of an IPT system
using the DLCC compensation has achieved a measured DC-to-DC efficiency of 95.23%
atabout 3.1kW and aligned coils. Nevertheless, the analytical estimation of the H-bridge
inverter’s turn-off current essential to realize the soft-switching operation is not trivial
when employing the DLCC compensation. The inverter current typically has a high har-
monic distortion due to the input LC filter, meaning that the analysis based on the first
harmonic approximation is inaccurate. An analytical model to estimate the inverter’s
current distortion has been proposed and experimentally validated in Appendix B, which
also applies when the diode rectifier operates in discontinuous conduction mode.

VARIABLE COMPENSATION

Using a variable compensation introduces an additional control variable that would vary
the circuit’s resonant frequency. The advantages of using variable compensation net-
works are explored in Chapter 3. An efficiency enhancement strategy, called constant
optimum load (COL), has been proposed and experimentally demonstrated. The main
advantage of this solution is eliminating voltage control at the load side commonly used
in the literature to maximize the power transfer efficiency through the optimum load
matching. Alternatively, the proposed COL charging method employs variable series
compensation capacitors to make the optimum load condition invariant of the coil’s mu-
tual inductance. Only the input power is regulated through the grid-connected power
factor correction (PFC) rectifier, ensuring that the COL condition is met while the bat-
tery voltage increases during the charging cycle. The variable series compensation has
been realized at both the primary and the secondary circuits as a switch-controlled ca-
pacitor (SCC), where two implementations called half-wave and full-wave modulations
have been tested in a 3.7kW laboratory demonstrator. The half-wave modulation results
in overall higher efficiency than full-wave modulation, with a measured peak DC-to-DC
efficiency of 96.30% for the input power of 3.2kW and at the maximum coils’ alignment.
Compared to the conventional S-S compensation with fixed capacitors, the efficiency
gainis up to 0.68% at partial load. Additionally, the current harmonic distortion has been
analyzed. The SCCs using the half-wave modulation introduce a higher total lumped
distortion than the conventional S-S compensation result. However, in correspondence
with the critical frequencies of the limit set by SAE J2954 on the radiated magnetic field,
the amplitude of the single harmonic components is comparable to or lower than in the
other implementations. The radiated EMF has been evaluated through finite element
method (FEM) analysis, which resulted in compliance with the EMC and the human ex-
posure limits. Furthermore, the radiated EMF has been measured in the surrounding of
the laboratory demonstrator, validating the results from the FEM analysis relative to the
human exposure limits.

VOLTAGE/CURRENT DOUBLER (V/I-D)

The nominal battery voltage of EVs is not necessarily the same, and mostly it could be
either 400V or 800V. When considering public IPT charging stations, it is essential that
wireless chargers can supply power efficiently to both battery classes guaranteeing in-
teroperability. Generally, the most straightforward solution is employing an additional
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onboard DC/DC converter to charge batteries with a voltage different from the nom-
inal. However, the efficiency of the overall circuit would be impacted by the DC/DC
converter’s performance which, undoubtedly, adds cost and complexity on board the
EV. Chapter 4 and Chapter 5 have proposed and demonstrated the functionality of the
voltage/current doubler (V/I-D) converter, comprising two sets of series-compensated
coupled coils, i.e., two primary and two secondary coils, connected to a dedicated H-
bridge converter. The power transfer control is implemented only on the primary side.
The secondary circuit comprises passive devices, resulting in a simple, cost-effective on-
board circuit that does not require active control. The proposed V/I-D converter was ex-
perimentally verified with two different magnetic configurations. The first arrangement
is proposed in Chapter 4, which employs two physically separated sets of rectangular
coupled coils. At 7.2kW and with aligned coils, the DC-to-DC efficiency of 97.11% and
97.52% has been measured at 400V and 800V, respectively. As explained in Chapter 5,
the second arrangement is more compact since it uses bipolar pads (BPPs) in which the
two rectangular coils at each circuit side are deployed on the same ferrite layer. The
unwanted cross-coupling in the BPPs has been analyzed with respect to the V/I-D con-
verter’s power transfer characteristics. At 7.2kW and with aligned BPPs, the DC-to-DC
efficiency of 96.34% and 96.53% has been measured at 400V and 800V, respectively. The
functionality of the V/I-D converter was also verified under different misalignment and
loading conditions. The lower efficiency resulting from the BPP magnetic arrangement
is mainly caused by the power losses due to the eddy currents in the BPPs’ aluminum
shield, which was not used for the rectangular coils. Finally, the interoperability of the
proposed V/I-D converter has been experimentally proved when the primary BPP is cou-
pled with the receiving standardized rectangular coil WPT2/Z2 from SAE J2954. This is
important because it enlarges the usability of the proposed converter, ensuring interop-
erability with different coils’ topologies.






SAMENVATTING

Draadloos opladen heeft de potentie om de overgang naar elektrische voertuigen (EV’s)
te versnellen, omdat het intrinsiek een gebruiksvriendelijke technologie is. Bovendien is
het essentieel bij het opladen van volledig autonome EV’s en maakt het opladen van EV’s
in beweging mogelijk zonder het gebruik van bovengrondse kabels. De meest gebruikte
technologie bij het draadloos opladen van elektrische voertuigen is inductieve energie-
overdracht (IPT) met magnetische resonantiekoppeling. Dit is gebaseerd op de magne-
tische velduitwisseling tussen gekoppelde spoelen die zijn aangesloten op compensa-
tienetwerken om het circulerende reactieve vermogen te minimaliseren. IPT-systemen
hebben in wezen twee variabelen die hun werking beinvloeden: de koppelingsfactor tus-
sen de spoelen, afthankelijk van hun uitlijning, en de equivalente belasting op basis van
het laadprofiel van de batterij.

Zoals uitgelegd in Hoofdstuk 1, kunnen de uitlijning en belasting condities van de
spoelen variéren bij het overwegen van verschillende toepassingen. Desalniettemin de-
len alle IPT-systemen dezelfde uitdagingen: zorgen voor een zeer efficiénte energieover-
dracht, garanderen dat het opzettelijk uitgestraalde elektromagnetische veld (EMF) niet
schadelijk is voor de levende wezens in de omgeving en dat het lager is dan de aanbevo-
len elektromagnetische compatibiliteit (EMC) limieten die zijn gedefinieerd in industri-
éle voorschriften die worden besproken in Bijlage A, en die interoperabiliteit bieden tus-
sen IPT-laadstations en EV’s die door verschillende fabrikanten zijn geproduceerd. Dit
proefschrift onderzoekt deze zaken, waarvan de inhoud is onderverdeeld in drie hoofd-
delen.

CONVENTIONELE INDUCTIEVE ENERGIEOVERDRACHT SYSTEMEN

In IPT-systemen beinvloedt de keuze van het compensatienetwerk de selectie van de
hoogfrequente inverterende en gelijkrichtende vermogensfasen, het gedrag van de ver-
mogensoverdracht ten opzichte van de verkeerde uitlijning, de spannings- en stroombe-
lasting van de componenten en de efficiéntie van de vermogensoverdracht. Hoofdstuk
2 analyseert de meest voorkomende enkel-component en multi-component compensa-
tienetwerken om hun kenmerken te begrijpen en, uiteindelijk, worden richtlijnen gege-
ven om een geschikt IPT-systeem te selecteren voor draadloos opladen van elektrische
voertuigen. De serie-serie (S-S) en het dubbelzijdige LCC (DLCC) compensatienetwerk
worden gezien als de meest geschikte oplossingen omdat de afstemming van hun para-
meters onafthankelijk is van de werkingstoestand, ze kunnen rechtstreeks worden gevoed
door een spanningsbron H-brugomvormer met soft-switching vermogen, en ze hebben
een belastingonafhankelijke uitgangsstroom die een directe verbinding van de hoog-
frequente gelijkrichting fase met de EV-batterij mogelijk maakt. De S-S-compensatie
kan mogelijk de hoogste energieoverdracht efficiéntie bereiken, aangezien er slechts één
component wordt gebruikt. De eigenschap van de vermogensoverdracht is echter sterk

ix
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afhankelijk van en omgekeerd evenredig met de wederzijdse inductantie van de gekop-
pelde spoelen, wat betekent dat voor elke specifieke toepassing een adequaat ontwerp
van de spoelen vereist is. Het ontwerpproces van IPT-systemen die de S-S-compensatie
gebruiken, is gedefinieerd met inachtneming van een 3.7kW laboratorium prototype,
waarbij een gemeten DC-naar-DC-efficiéntie van 96.24% op vol vermogen en uitgelijnde
spoelen wordt bereikt. Omgekeerd kan met de DLCC-compensatie het door het IPT-
systeem geleverde nominale uitgangsvermogen met voordeel worden geselecteerd door
de compensatie-inductoren af te stemmen. Bovendien is het uitgangsvermogen recht
evenredig met de wederzijdse inductantie van de spoelen, waardoor de DLCC intrinsiek
veilig is tegen grote variaties in verkeerde uitlijning. Desalniettemin is de analytische
schatting van de uitschakelstroom van de H-brugomvormer die essentieel is om de soft-
switching-werking te realiseren, niet triviaal bij gebruik van de DLCC-compensatie. De
stroom van de omvormer heeft doorgaans een hoge harmonische vervorming als gevolg
van het ingangs-LC-filter, wat betekent dat de analyse op basis van de eerste harmoni-
sche benadering niet nauwkeurig is. Een analytisch model om de stroomvervorming
van de omvormer te schatten is voorgesteld en experimenteel gevalideerd in Bijlage B,
dat ook van toepassing is in het geval dat de diodegelijkrichter in discontinue geleidings-
modus werkt.

VARIABELE COMPENSATIE

Het gebruik van een variabele compensatie introduceert een extra regelvariabele die de
resonantiefrequentie van het circuit zou variéren. De voordelen van het gebruik van va-
riabele compensatienetwerken worden onderzocht in Hoofdstuk 3. Een strategie voor
efficiéntieverbetering, genaamd constant optimum load (COL), is voorgesteld en expe-
rimenteel gedemonstreerd. Het belangrijkste voordeel van deze oplossing is de elimi-
natie van de in de literatuur gebruikelijke spanningsregeling aan de belastingszijde om
de efficiéntie van de vermogensoverdracht te maximaliseren door optimale belastingaf-
stemming. Als alternatief maakt de voorgestelde COL-oplaadmethode gebruik van vari-
abele serie compensatie condensatoren om de optimale belasting toestand onverander-
lijk te maken voor de wederzijdse inductantie van de spoel. Alleen het ingangsvermogen
wordt geregeld via de netgekoppelde Power Factor Correction (PFC)-gelijkrichter, die
ervoor zorgt dat aan de COL-voorwaarde wordt voldaan terwijl de accuspanning toe-
neemt tijdens de laadcyclus. De variabele seriecompensatie is gerealiseerd op zowel
de primaire als de secundaire circuits als een schakelaargestuurde condensator (SCC),
waar twee implementaties genaamd half-wave en full-wave modulaties zijn getest in een
3.7kW laboratoriumdemonstratie. De half-wave modulatie resulteert in een algeheel
hoger rendement dan full-wave modulatie, met 96.30% voor het ingangsvermogen van
3.2kW en bij de maximale uitlijning van de spoelen. Vergeleken met de conventionele
S-S-compensatie met vaste condensatoren is de efficiéntiewinst tot 0.68% bij deellast.
Daarnaast is de huidige harmonische vervorming geanalyseerd. De SCC’s die de half-
wave modulatie gebruiken, introduceren een hogere totale samengevoegde vervorming
dan het conventionele S-S-compensatieresultaat. Echter, in overeenstemming met de
kritische frequenties van de limieten van SAE J2954, is de amplitude van de enkelvoudige
harmonische componenten vergelijkbaar met of lager dan in de andere implementaties.
Het uitgestraalde EMF is geévalueerd door middel van de eindige-elementenmethode
(FEM)-analyse, wat resulteerde in het voldoen aan de EMC en de menselijke blootstel-
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lingslimieten. Bovendien is het uitgestraalde EMF gemeten in de omgeving van de labo-
ratoriumdemonstrator die de resultaten van de FEM-analyse valideert ten opzichte van
de menselijke blootstellingslimieten.

VOLTAGE/ CURRENT DOUBLER (V/I-D) - SPANNING/STROOMVERDUBBELAAR

De nominale accuspanning van EV’s is niet noodzakelijkerwijs hetzelfde, en kan meestal
400V of 800V zijn. Bij het overwegen van openbare IPT-laadstations is het van essentieel
belang dat draadloze opladers efficiént stroom kunnen leveren aan beide batterijklassen
en interoperabiliteit garanderen. Over het algemeen is de eenvoudigste oplossing het ge-
bruik van een extra ingebouwde DC/DC-omvormer om batterijen op te laden met een
spanning die afwijkt van de nominale spanning. De efficiéntie van het totale circuit zou
echter worden beinvloed door de prestaties van de DC/DC-omvormer, wat ongetwijfeld
de kosten en complexiteit aan boord van de EV verhoogt. Hoofdstuk 4 en Hoofdstuk 5
hebben de functionaliteit van de spanning/stroom verdubbelaar (V/I-D)-omzetter voor-
gesteld en gedemonstreerd, bestaande uit twee sets serie gecompenseerde gekoppelde
spoelen, d.w.z. twee primaire en twee secundaire spoelen, verbonden met een speci-
ale H-brug omvormer. De vermogensoverdrachtregeling is alleen aan de primaire zijde
geimplementeerd. Het secundaire circuit is samengesteld uit passieve componenten,
wat resulteert in een eenvoudig en kosteneffectief circuit aan boord dat geen actieve be-
sturing vereist. De voorgestelde V/I-D-omvormer werd experimenteel geverifieerd met
twee verschillende magnetische configuraties. De eerste opstelling wordt voorgesteld in
Hoofdstuk 4, waarbij gebruik wordt gemaakt van twee fysiek gescheiden stellen recht-
hoekig gekoppelde spoelen. Dit resulteert in een DC-naar-DC efficiéntie van 97.11%
en 97.52% gemeten bij respectievelijk 400V en 800V. Zoals uitgelegd in Hoofdstuk 5, is
de tweede opstelling compacter omdat deze gebruikmaakt van bipolaire pads (BPP’s)
waarin de twee rechthoekige spoelen aan elke circuitzijde op dezelfde ferriet laag zijn
geplaatst. De ongewenste kruiskoppeling in de BPP’s is geanalyseerd met betrekking tot
de vermogensoverdrachtskarakteristieken van de V/I-D-converter. Bij 7.2kW en met uit-
gelijnde BPP’s is de DC-naar-DC-efficiéntie van respectievelijk 96.34% en 96.53% geme-
ten bij 400V en 800V. De functionaliteit van de V/I-D-converter werd ook gecontroleerd
onder verschillende uitlijnings- en belasting omstandigheden. De lagere efficiéntie als
gevolg van de magnetische opstelling van de BPP wordt voornamelijk veroorzaakt door
de vermogensverliezen als gevolg van de wervelstromen in de aluminium afscherming
van de BPP’s, die niet werd gebruikt voor de rechthoekige spoelen. Ten slotte is de in-
teroperabiliteit van de voorgestelde V/I-D-omzetter experimenteel bewezen wanneer
de primaire BPP wordt gekoppeld aan een ontvangende gestandaardiseerde rechthoe-
kige spoel van SAE J2954. Dit is belangrijk omdat het de bruikbaarheid van de voor-
gestelde omzetter vergroot, waardoor interoperabiliteit met verschillende spoel topolo-
gieén wordt gegarandeerd.



When wireless is fully applied
the earth will be converted into a huge brain,
capable of response in every one of its parts.

Nikola Tesla
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INTRODUCTION

1.1. OUTLOOK ON WIRELESS POWER TRANSFER

Wireless power transfer (WPT) consists of the exchange of electrical power with galvanic
isolation between the transmitting and the receiving devices. Before discussing the wire-
less charging of batteries as a specific application of WPT, it is essential to explore differ-
ent WPT technologies, their development in the last centuries, and their main industrial
applications.

1.1.1. WPT TECHNOLOGIES

WPT takes place through the propagation of an electromagnetic field (EMF) or acoustic
waves, of which the main technologies are listed in Figure 1.1. When considering elec-
tromagnetic waves, the WPT can occur in either the near-field or the far-field region de-
pending on the distance between the transmitting and receiving antennas with respect
to the EMF’s wavelength. According to [1], D is defined as the largest dimension of the
antenna and A is the EMF’s wavelength.

The WPT is realized in the far-field radiative region if the distance between the trans-
mitting and the receiving antennas is larger than the Fraunhofer distance 2D?/A [1]. This
condition is valid if D is large compared to A. Consequently, the EMF propagation in the
far-field region is achieved through waves with relatively high frequencies, e.g., higher
than 10MHz. In that region, the angular field distribution does not depend on the dis-
tance from the antenna, and this is why it is said that the EMF radiates. Additionally, in
the far-field region, the absorption of the energy from a receiver does not affect the trans-
mitter [2]. Far-field radiative WPT can operate in considerably long distances, e.g., in the
order of 10km, and the radiation can be omnidirectional or unidirectional [1]. However,
at those relatively high frequencies, only low power can be transferred due to the strin-
gent exposure limits imposed for the safety of humans and electrical devices. The overall
power transfer efficiency is generally very low in the case of omnidirectional antennas. In
contrast, unidirectional antennas require a complex tracking mechanism to achieve an
interrupted line-of-sight [3]. Far-field WPT can propagate through different waves, such
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Figure 1.1: Summary of the WPT technologies depending on the electromagnetic field propagation.

as radio frequency (RF) waves, microwaves [4]-[6], laser beams [7], mmWave beams [6],
and ultrasonic waves [8].

On the other hand, the near-field region is the immediate surrounding space around
the transmitting antenna. When D is large compared to A, the near-field region is divided
into a reactive region and a radiative (Fresnel) region, whose boundary between them is
defined at the distance 0.62v' D3/ from the antenna surface [1]. Conversely, in the case
of short antennas (D < A) typical for EMF with frequencies below 10 MHz, the radiative
near-field region might not exist, and the boundary between the near-field and the far-
field regionsis A/27 from the antenna surface [1]. Allin all, the definitions of far-field and
near-field regions are summarized in Figure 1.2, where Figure 1.2(a) is valid for antennas
with D > A and Figure 1.2(b) is valid for antennas with D < A.

In the near-field region, the angular field distribution is dependent on the distance,
and it does not necessarily have a uniform pattern. This results in relatively short trans-
mission distances, normally shorter than 10 m. Additionally, in the near-field region, the
energy absorption from a receiver directly affects the transmitter and, consequently, this
also takes the name of coupling-based WPT [2]. The near-field non-radiative WPT takes
place either in the form of inductive power transfer (IPT) if it is based on the magnetic
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Figure 1.2: Definition of far-field and near-field regions of the EMF according to [1], valid for antennas such
that: (a) D > A, and (b) D < A. Note that (b) is typical for applications with EMF frequencies below 10 MHz.

field exchange between coupled coils or as capacitive power transfer (CPT) if it is based
on the electric field exchange between coupled metallic plates. IPT systems can use
purely inductive coupling (IPT-IC) with the principle of magnetic induction. In this case,
the separation between the coils is typically short, e.g., a few millimeters, to achieve a
relatively strong coupling. IPT with inductive coupling requires typically a precise align-
ment which limits the flexibility in the receiving coil’s position. Alternatively, IPT systems
can use magnetic resonant coupling (IPT-MRC), which employs compensation networks
connected to the coupled coils tuned to a specific resonant frequency. Operating the IPT
system around that frequency minimizes the circulating reactive at low coupling factors
(typically k <0.4), achieving considerably high power transfer efficiencies, which can be
over 97% [9]. IPT with magnetic resonance allows more flexibility in the receiving coil’s
position, and the distance between the coupled coils can range from a few centimeters to
several meters. Moreover, this technology is generally used to transfer high power levels
up to the order of several hundreds of kW. Conversely, CPT can advantageously transfer
power through metallic surfaces, it does not produce eddy currents, and it can achieve
good misalignment tolerance. However, as explained in [10], CPT systems have a lower
surface power density than IPT systems at relatively large air gaps. For this reason, CPT
has been mostly used in applications with short distances between the coupled plates.

1.1.2. BRIEF HISTORY
The historical development of WPT has been summarized in the timeline shown in Fig-
ure 1.3. As acknowledged by [11]-[14], the first RF system was implemented by the physi-
cist Heinrich Hertz with the aim of proving Maxwell’s equation on electromagnetism. In
1887, Hertz proved electromagnetic wave propagation in free air by implementing the
first radio system using a transmitting and a receiving end with a spark gap. However, he
did not foresee any application for this system at that time.

The most famous pioneer of WPT is Nikola Tesla, which started being interested in
the topic in the early 1890s. He was convinced that waves of electrical energy would
propagate through the surface of the Earth by running alternating surges of currents
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Figure 1.3: Summary of the historical developments on WPT.

through a mast. Then, it would be possible to realize a wireless power transmission by
positioning receivers in optimum locations. For this purpose, in 1899, he ran experi-
ments in the Colorado Springs laboratory using a large Tesla coil composed of a 61m
metallic mast with a 0.9m ball mounted on top. Once the mast was electrified with
300kW at 150kHz, Tesla stated that a 10MV RF potential was produced on the metal-
lic sphere [4], [12]-[15]. His collaborators and the local residents witnessed this large
discharge, but no measurements or conclusions resulted from this experiment. To con-
tinue his work on WPT, Tesla started the construction of the Wardenclyffe Tower Facility
in 1901, which was supposed to be used for communication broadcasting and wireless
power transmission. However, the project was never completed due to the lack of fund-
ing. Later in 1919, Tesla summarized his work on WPT in [11].

The next attempt at the realization of an efficient WPT took place in the early 1930s
in the Westinghouse laboratory [12]-[14], where Harrell Vaun Noble demonstrated the
RF power transfer at 100MHz from a 15kW transmitter to a light bulb 5 meters apart,
without any rectification.

With the development of the available technologies, investigation on WPT based on
microwaves was initiated in the 1950s. The first demonstration of a microwave beam
powering a prototype helicopter was executed in 1963 by William C. Brown in Raytheon’s
Spencer Laboratory, delivering 100W DC with a DC-to-DC efficiency of 13%. This seems
to be the first demonstration of DC power delivery through microwaves. In 1964, a fa-
mous public demonstration of this technology was broadcasted by CBS news, where a
helicopter was powered by a 2.45 GHz microwave beam generated by a 5kW magnetron
for 10 hours at the height of about 18 m [6], [12]-[14].

Further developments in microwave power transfer technology continued with the
concept of the solar-power satellite (SPS) introduced by Peter Glaser in 1968 [16]. This
consists in harvesting solar power through a satellite in the geostationary orbit and then
transmitting the power to Earth through a microwave power beam. In [12], a detailed
description of the initial SPS project can be found, which NASA decided to stop in 1980.
Nevertheless, at the current date of publication of this thesis, there is still research done
on SPS [5], [6], [14]. Additionally, [6] explains in detail the advancements in microwave
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power transfer worldwide up to the current date.

In the early 2000s, two significant achievements were recorded by the Massachusetts
Institute of Technology (MIT). In 2007, the team led by Marin Soljaci¢ recorded the 45%
power transfer efficiency from a near-field IPT system using magnetic resonance at 9.9 MHz
delivering 60 W over 2m distance between two air coils [17]. In the same year, Soljaci¢
founded the company WiTricity as a spin-off from MIT. The second achievement from
MIT date back to 2008 when Lav R. Varshney proposed the simultaneous wireless infor-
mation and power transfer (SWIPT) [18].

Since the 2010s, the interest in WPT technologies has been mostly focused on their
development in several industrial and consumer applications, including their standard-
ization, with the goal of developing products ready for the market.

1.1.3. APPLICATIONS

The WPT technologies summarized in Figure 1.1 are used in commercial products when
it is beneficial to eliminate the cable connection between the power transmitting device
and the receiver end. Generally, WPT can be used to directly power devices or for charg-
ing their battery. Table 1.1 lists several applications that currently employ WPT.

Table 1.1: Example of applications that use WPT technologies.

Application Far-field WPT Near-field WPT References
Road electric vehicles (EVs) N/A IPT-MRC, CPT [10]
Autonomous underwater vehicles (AUVs) N/A IPT-MRC [19]
Unmanned aerial vehicles (UAVSs) Microwaves IPT-MRC [12], [20]
Solar-power satellite (SPS) Microwaves N/A [6], [16]
Implantable medical devices (IMDs) Ultrasonic waves | IPT-IC, IPT-MRC, CPT [8], [21]
Slm:;?giﬂi?;ﬁiﬁ gxg‘%ﬂon Microwaves N/A (13], 18], [22]
Electric toothbrush N/A IPT-IC [23]
Consumer electronics devices RF waves IPT-IC, IPT-MRC [24], [25]
Induction heating N/A IPT-MRC [26], [27]

1.2. INDUCTIVE POWER TRANSFER WITH MAGNETIC RESONANT
COUPLING FOR EV WIRELESS CHARGING

The Dutch government aims to reach zero-emission for all passenger vehicles by 2030
[28]. This means that the market for electric vehicles (EVs) is predicted to grow consider-
ablyin the comingyears. According to [29], wireless charging increases the users’ interest
in EVs if this option is included. Therefore, wireless charging can play a key role in the
driver’s decision to buy an EV. This is mainly because wireless charging is an intrinsi-
cally user-friendly technology: it eliminates the inconvenience of handling charging ca-
bles, which might be bulky and not safe, especially in the presence of wet weather con-
ditions. The wireless charging option becomes even more essential when considering
completely autonomous EVs. Since these vehicles are driverless, they should be auto-
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matically charged without people involved. Additionally, wireless charging enables the
possibility of charging the EV in motion, called dynamic wireless charging. This could
allow a more frequent recharge of the EV batteries, potentially reducing their size. Dy-
namic charging is widely used in public transportation via overhead cables, but it would
be unfeasible in the case of private EVs. Furthermore, quasi-dynamic wireless charging
represents another convenient use case for EVs that often move slowly in queues, such
as taxi lanes in front of airports and stations or congested streets. It is not practical for
drivers to charge their EVs with a plug-in cable since they might need to move up the
line shortly after. In these examples, the need for wireless charging becomes evident.

Due to the growing industrial interest in this technology, standards and regulations
have been released starting from 2015, such as SAE J2954, the IEC 61980 series, and ISO
19363 [30]. These standards define the main characteristics of EV wireless charging sys-
tems, such as the power classes, the possible relative positions between the charging
station and the EV, the allowed operating frequency range, minimum communication
features, and electromagnetic compatibility (EMC) limits. In short, the currently avail-
able standards regulate static wireless charging systems for light-duty EVs. SAE J2954 de-
fines three power classes named WPT1, WPT2, and WPTS3, limiting the maximum input
power obtainable from the grid connection to 3.7kVA, 7.7kVA, and 11.1kVA, respectively.
Additionally, the operating frequency of the IPT converter is limited between 79kHz and
90kHz. An updated and detailed overview of those standards can be found in Appendix
A. Several companies have already commercialized EV wireless charging products and
examples are WiTricity, IPT Group, Plugless Power, Momentum Dynamics, ElectReon,
and WAVE. Additionally, the significant investment of Siemens in WiTricity announced
in June 2022 clearly shows that the EV wireless charging market is predicted to grow con-
siderably in the following years [31].

EV wireless charging is most commonly realized using IPT-MRC technology, which
is explained in Section 1.1.1. The transmitting coil is placed on the ground (or embed-
ded), and it is part of the ground assembly (GA) [32]. On the other hand, the receiving
coil is mounted on the chassis of the EV, and it is part of the vehicle assembly (VA) [32].
Thereby, the coupled coils together with the compensation network constitute an iso-
lated resonant converter. The coupled coils form a loosely coupled transformer since
their distance is relatively large, typically equal or greater than 10cm.

In this application, the converter essentially has two main variables influencing its
operation. The first variable is the coupling factor k between the coils, which depends on
their alignment as a function of the time [33]. For instance, in the case of static charging,
the distance between the coils’ magnetic centers is fixed during one charging cycle, while
in the case of dynamic charging, it continuously changes. Conversely, quasi-dynamic
charging can assume both characteristics during one charging cycle. The second vari-
able is the equivalent load which changes continuously throughout the battery charging
profile. For example, the Lithium-ion batteries’ voltage rises during the constant cur-
rent charging mode, while the current gradually decreases during the constant voltage
charging mode. An IPT system for EV wireless charging must be able to operate in those
different coils’ alignment and load conditions.

The coils’ alignment and load operating conditions might vary when considering dif-
ferent applications. Nevertheless, all IPT systems share the same challenges which are
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essential to this research. The first challenge is ensuring a highly efficient power trans-
fer. The second one is guaranteeing that the intentionally radiated EMF is not harmful
to the living beings in the surroundings and that it is lower than the recommended EMC
limits. Finally, another challenge is guaranteeing interoperability between IPT charging
stations and EVs from different manufacturers.

1.2.1. POWER TRANSFER EFFICIENCY

In EV charging applications, the power transfer efficiency is defined as the ratio between
the delivered DC output power to the EV battery and the input power drawn either from
the utility AC grid or from a DC source. The true advantage of static EV wireless charging
over cable charging must be supported by an efficient power transfer at different oper-
ating conditions. This would translate into a relatively low demand for input energy for
each charging cycle, which is essential for realizing a sustainable and cost-effective EV
charging solution.

The typical main power conversion stages used in two-stage high-power EV chargers
are shown in Figure 1.4, where Figure 1.4(a) illustrates a conductive charger while Fig-
ure 1.4(b) shows a wireless charging implementation. Both technologies have a similar
structure with galvanic isolation provided by a high-frequency transformer. The conduc-
tive charger employs a highly coupled transformer placed off-board the EV. On the other
hand, in the wireless charging system, the primary winding is placed off-board while
the secondary winding is placed on-board the EV, resulting in a loosely coupled trans-
former due to the large air gap. This relatively low coupling likely translates into a lower
power density of the transformer with respect to the one used in conductive charging.
This could result in the demand for longer transformer windings to achieve a minimum
target of coupling factor, eventually leading to higher conduction losses. Moreover, the
loosely coupled transformer results in a large leakage inductance which requires addi-
tional compensation networks. Most of the power losses in IPT systems are generally
located in the resonant circuit, consisting of the coupled coils and their compensation

High-frequency

Off-board isolation transformer On-board
T X | = ~ T =
] o +
- X = - I
) . (a) . ~
3-phase grid High-voltage
connection battery

IPT loosely coupled coils

S - S
— ~ — 1
)

(b)
Figure 1.4: Typical structure of three-phase isolated high-power EV battery chargers using: (a) a cable connec-
tion, or (b) a wireless connection to the battery.
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network, for which design and implementation must be carefully chosen.

The high power transfer efficiency of an EV wireless charging system must be ac-
counted for when designing the system and during the charging operation. In the design
stage, the optimized charging coils’ structure has been widely investigated since they
contribute to considerable power losses. In [34]-[38], multi-objective optimizations of
the coils have been performed. The optimization of the cores’ structures using artificial
intelligence has been explored in [39]. Advancements in magnetic materials have been
researched in [40]. To reduce the drop in magnetic coupling with the misalignment, mul-
ticoil configurations have been compared to the single coil ones in [37]. Additionally,
the compensation network’s selection and design would influence the power transfer
performance. For instance, the compensation network can comprise a single capaci-
tor connected in series or parallel with the coils. Conversely, the compensation network
can be made of multiple components or even variable compensation components [33],
[41]. For what concerns the power converters, wireless charging systems differ in the
number of power conversion stages as summarized in [42], which depend on the im-
plemented control strategy. Once the IPT system has been designed and implemented,
the chosen operating scheme during the battery charging cycle will influence the power
transfer efficiency. Therefore, the control strategy is ultimately important to achieve a
highly efficient IPT system. Possible control strategies are discussed in [43] and [44].

1.2.2. EMC AND EMF HUMAN EXPOSURE LIMITS

EV wireless charging systems must comply with the EMC regulations to qualify as com-
mercial products. In this technology, the most critical EMC aspect is the radiated distur-
bances from the intentional magnetic field realizing the WPT, which are regulated in the
RF spectrum up to 30MHz. Additionally, the fundamental component of the radiated
EME which is within 79kHz and 90kHz, must be not harmful to the living beings in the
accessible surrounding of the IPT system. The maximum exposure to magnetic fields is
27uT for the general public, and 15uT for cardiac implantable electronic devices (CIED)
[32]. Moreover, SAE J2954 proposes shutdown ad detection methods that minimize the
possible human exposure to high magnetic fields.

In the literature, shielding strategies have been proposed to reduce the magnetic field
radiation around the IPT system. Examples are listed in [33] and [44], such as passive
shielding (ferrite), passive conductive shielding (aluminum plates), active shielding, and
reactive shielding. Another interesting approach is proposed in [45] based on spread
spectrum techniques.

1.2.3. INTEROPERABILITY

The GAs and VAs must be compatible to allow the wireless charging process. Especially
when considering public charging infrastructures, interoperability is fundamental to en-
sure that this technology can be used on a mass scale. The industrial standards and reg-
ulations provide minimum interoperability requirements for different EV wireless charg-
ing systems. However, no strategies have been defined for transferring power to EV bat-
teries from different voltage classes or employing multicoil topologies for the magnetic
pads’ configuration.
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BATTERY VOLTAGE INTEROPERABILITY

The nominal battery voltage of EVs is not necessarily the same. According to [46], the
nominal voltage of EV batteries could mostly be either 400V or 800V, which is confirmed
by Table 1.2. The first released EVs have a nominal battery voltage of around 400V since
more automotive-qualified components are available for that voltage class. However,
some automotive original-equipment manufacturers are moving to 800V architectures
because the higher DC-link voltage results in two main advantages, being the substantial
weight saving across the EV and the considerable reduction of the battery charging time
[47]-[49]. Especially when considering applications such as public parking infrastruc-
tures, taxi pick-up locations in front of stations or airports, corporate fleets, car rental,
or sharing facilities, it is essential that wireless chargers can supply power efficiently to
both EV battery classes.

IPT systems can achieve high power transfer efficiency when operating at the nom-
inal operating condition for a certain power level, i.e., at the chosen converter’s voltage
gain, defined as the ratio been the input and output voltage. Charging a battery with
either double or half of the nominal voltage would dramatically worsen the system effi-
ciency for the same output power [50]. Therefore, solutions must be found to guarantee
battery interoperability.

Table 1.2: List of commercial EVs and their battery voltage. [50]

Year of Battery voltage
launch Manufacturer Model (latest model) Source
2018 Audi e-tron 396V [51], [52]
2020 FIAT new 500e 364V [51]
2019 EQC 405V
2021 Mercedes-Benz EQA 420V [51]
2022 EQB 420V
2013 Leaf S 350V [51]
Nissan Leaf SV
2010 Leaf SL 360V [51], [53]
2012 Model S 400V [51], [54]
Tesla Model X 350V (51]
2017 Model 3 360V
2010 e-up! 374V [51]
214 Volkswagen e-Golf 323V [51], [55]
2019 1ID.3 408V [51]
2019 Aston Martin Rapide E 800V [51]
2021 Hyundai IONIQ 5 800V [51], [56]
2021 KIA EV6 697V [51]
2019 Porsche Taycan 800V [51], [57]

COUPLED COILS INTEROPERABILITY

Furthermore, the coupled coils can have various configurations depending on the layout
of the winding. For instance, SAE ]J2954 defines several examples of coils’ design with a
single winding which can be classified as either rectangular pads (RP) or double-D pads
(DDPs). The winding of both topologies has a planar configuration placed on a ferrite
layer, which is mounted on an aluminum plate for shielding and mechanical strength
purposes. RPs consist of a planar rectangular-shaped winding as qualitatively shown in
Figure 1.5(a), which are classified as nonpolarized pads [10]. Their radiated magnetic
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field resembles the pattern generated in an E ferrite core inductor when the middle-
leg winding conducts an alternating current. Other examples of nonpolarized pads are
circular and squared pads with a field pattern similar to the RPs. On the other hand,
DDPs consist of two planar rectangular-shaped windings connected in anti-series such
that their current direction is opposite. A typical DDP is qualitatively shown in Figure
1.5(b), and due to their structure, DDPs are classified as polarized pads [10]. Their radi-
ated magnetic field resembles the pattern generated in a U ferrite core inductor when its
winding conducts an alternating current. As a result, nonpolarized pads are more sen-
sitive to magnetic fields perpendicular (vertical) to their surface, while polarized pads
are more sensitive to parallel (horizontal) ones. These different field patterns make it in-
convenient to couple a polarized coil with a nonpolarized coil since their coupling factor
would be poor. If their geometrical centers are aligned, their coupling factor would be
close to zero. To mitigate this issue, SAE J2954 suggests alignment methods to enhance
the coupling between polarized and nonpolarized pads, ensuring their magnetic centers

are aligned.
ﬂ coil 17 X /; /

4
alummum shield /

coil 1 coil 2 femte 13)’31‘ coil 1 coil 2
N / - // / K /ﬁ/ “

Figure 1.5: Typical structure of magnetic pads used in IPT systems. Single coil configurations: (a) rectangular
pad, and (b) double-D pad. Multicoil configurations: (c) bipolar pad, and (d) double-D quadrature pad.

Conversely, multicoil pads could be used to achieve interoperability with RPs and
DDPs since they can work selectively as a polarized or nonpolarized pad. In EV wireless
charging applications, the most common multicoil pads are the bipolar pad (BPP) [58]
and the double-D quadrature pad (DDQP) [59]. The BPP consists of two independent
partially-overlapped rectangular coils as qualitatively shown in Figure 1.5(c). BPPs can
work as a polarized or nonpolarized pad depending on the phase of the current flowing
through each coil. On the other hand, the DDQP consists of a DDP with an RP over-
lapped in the center, as qualitatively shown in Figure 1.5(d). In this case, the DDP would
be energized when coupled with another DDP, while the RP would be energized when
coupled with another RP. Nevertheless, magnetic pads with multiple coils intrinsically
have unwanted cross-coupling, which influences the power transfer and, eventually, the
IPT system’s performance.
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1.3. SCOPE, OBJECTIVE, AND RESEARCH QUESTIONS

Scope:

This thesis focuses on the power conversion stages of IPT systems used for wireless
charging of EVs, which block schematic is illustrated in Figure 1.6. Thereby, the GA in-
cludes the entire transmitting circuit located on the ground, while the VA consists of the
receiving circuit, which is placed on the EV. The domain of this research is highlighted
in Figure 1.6, which comprises the power conversion stages within the DC input volt-
age provided by a grid-connected boost-like power factor corrector (PFC) rectifier and
the DC output voltage set by the EV battery. To limit the cost and the complexity of
the circuit onboard the EV, it is assumed that no output DC/DC converter is employed,
meaning that the battery is directly connected to the output of the IPT system.

This research considers static wireless charging applications, i.e., the coupling factor
between the coils is fixed during the battery charging cycle. Moreover, the power levels
adopted for the experimental verification are 3.7kW and 7.7kW. The following objective
and research questions are defined in view of this domain.

Domain of this research

230V 360..500v DC 9..90KH )
50Hz AC 79.-90KHz AC 400V/ 800V DC
= ~ Loosely coup]ed coils ~ (nominal)
1-phase = Crid co(;nectmn . t work | Power conversion |+ BV
(L-N) Power Factor Power conversion ompensation networ & —T battery
LV grid Correction _]_ }g Battery connection ng

/

Ground Assembly Wireless Wireless Vehicle Assembly
(transmitting primary circuit) communication communication| (receiving secondary circuit)

Figure 1.6: Domain of this research in the application of static EV wireless charging. The DC input voltage is the
rectified voltage from the one-phase low-voltage grid, while the DC output voltage is given by the EV battery.
The power levels considered for the experimental verification are 3.7kW and 7.7kW.

Objective:

Maximize the efficiency of inductive power transfer systems for charging electric vehi-
cles at different coils’ alignment and load conditions, ensuring that the system’s operating
frequency is always within the standardized range 79-90kHz.

Research questions:

1. Which are the most suitable compensation networks for EV wireless charging?

Considering the typically low coupling factor of the coupled coils, compensation
networks must be used to minimize the IPT system’s VA rating. Numerous com-
pensation topologies can be adopted in IPT systems which can differ in the num-
ber of components, type of connection to the coupled coils, or tuning method.
The main characteristics of the typical compensation networks used in IPT sys-
tems will be analyzed focusing on the application of EV wireless charging.

2. Isitadvantageous to employ variable compensation networks to mitigate the effects
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of misalignment on the IPT systems’ performance?

The operating condition that results in the maximum power transfer efficiency is
directly dependent on the coils’ alignment. Normally, a DC/DC converter is con-
nected to the battery to always match the optimum efficiency condition. It will be
proved that employing a variable compensation can eliminate the need for output
voltage control.

. How can EVs with different nominal battery voltage levels be charged efficiently at

the same power class?

When considering public parking infrastructures, EV wireless chargers must effi-
ciently deliver electric power EVs with both 400V and 800V nominal battery volt-
ages. This can be normally achieved by regulating the output voltage through a
DC/DC converter at the cost of higher onboard circuit complexity and lower over-
all efficiency. A universal wireless charging system named voltage/current dou-
bler (V/I-D) will be proposed that maintains a high power transfer efficiency when
charging EVs with both battery options at the same power level such that the power
capability of the IPT charging station is always fully utilized.

. How does the cross-coupling of multicoil magnetic pads affect the performance of

IPT systems?

The proposed V/I-D system uses two primary and two secondary magnetic pads.
The option of employing multicoil pads will be evaluated considering bipolar pads
in Figure 1.5(c). This choice for the magnetic arrangement leads to the presence
of unwanted cross-coupling between the coils that affects the V/I-D functionality.
Methods to compensate for the cross-coupling will be proposed regarding the BPP
design, compensation components’ selection, and the operating strategy which
can be extended to other multicoil pads or IPT circuit topologies.

1.4. METHODOLOGY

The methodology used to answer the research question in Section 1.3 consists of the it-
erative process summarized in Figure 1.7. Each solution to a research question is first
defined as a concept. The second step consists of developing the concept into an ana-
lytical model that can describe its characteristics. After that, the model is preliminarily
validated through simulations. The final validation requires implementing the proposed
solution so that experimental results can be collected.

Solution
Validation
Research question Concept —> Analyﬁcd —
modeling Simulations Experimental
results
| |
t i .

Figure 1.7: The research methodology used in this thesis concerning the research questions.
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1.5. OUTLINE OF THE THESIS

This thesis is composed of six main chapters and two appendix chapters. Considering
that the first chapter is the introduction while the last chapter is the conclusion, the
research content is spread out over the four central chapters. Additionally, these four
chapters are divided into three different parts depending on their topic. The structure of
the thesis’s outline is summarized in Figure 1.8.

Appendix A
Constraints and
Chapter 1 Requirements from
Introduction Industrial Standards
and Regulations on
l EV Wireless Charging
Chapter 2
PART I Fr.amework for the
CONVENTIONAL INDUCTIVE DesignlofIETISystems AppeimiixB
POWER TRANSFER SYSTEVS Hiuh—zf;'::-luenc One-cozx:jponenl Mlll(i-CilipOl!en( MOdehng- Ofﬂ}e
inveni:lg an(?recli)flying compensation compensation ‘Current DlStOI‘t‘lOn
power stages networks networks in the Double-sided
J LCC compensation
ParT 11 ParT 111
VARIABLE COMPENSATION VOLTAGE/CURRENT DOUBLER (V/I-D)
Chapter 3 Chapter 5
Constant Optimum Load Charging Strategy Chapter 4 Advanced and Compact
through Variable Compensation Voltage/Current Voltage/Current Doubler
3.23 3.3.2 35 Doubler Converter Converter using Bipolar Pads
Definition of the SCC as variable ~ Distortion of the using Rectangular 55
constant optimum compensation measured coil Coils Interoperability of the primary BPP with the
load charging method capacitor currents test station VA WP2/Z2 from SAE J2954
Chapter 6
Conclusion

Figure 1.8: Outline of the thesis: definitions of the parts, the chapters, and their connections.

is the introduction to this research on IPT systems for EV wireless charging.
To ensure that this thesis’s contributions would also have an industrial and commercial
value, it is essential to be aware of the available standards and regulations on this tech-
nology. These constraints have been explored in Appendix A, which is an extension of
Chapter 1.

Part I follows the introduction and discusses the conventional IPT systems as the
state of the art of this application. This part consists of , which focuses on the
modeling and the main features of the compensation networks, addressing how they
influence the performance of IPT systems and the configuration of the high-frequency
power conversion stages. Appendix B is an extension of Chapter 2 where the current dis-
tortion in the double-sided LCC compensation is analyzed and modeled in detail. After
that, Part II and Part III propose original developments starting from the conventional




14 1. INTRODUCTION

IPT systems discussed in Part I.

Part IT explores the advantages of using a variable compensation. Thereby,
defines an efficiency enhancement charging method called constant optimum load that
employs variable series compensation capacitors implemented as switch-controlled ca-
pacitors (SCCs). Moreover, the current distortion through the coils caused by the SCCs
is analyzed and compared to the case of conventional fixed compensation capacitors.

Part I1I proposes a novel IPT system called V/I-D converter to achieve interoperabil-
ity with EV batteries belonging to different voltage classes. Specifically, the V/I-D con-
verter can efficiently charge EVs with the typically used 400V and 800V batteries at the
same output power. The V/I-D converter uses two primary and two secondary coils.

investigates the concept of the V/I-D converter when the magnetic arrange-

ment consists of two physically separated sets of rectangular coupled coils, resulting in a
functionality close to the ideal intended one. In this implementation, the occupied space
by the V/I-D converter might be considerably large, which might be critical, especially
for small-size light-duty EVs. For that purpose, explores a more advanced
implementation of the V/I-D converter in which the magnetic configuration consists of
multicoil pads, here being BPPs. This alternative implementation results in a compact
magnetic configuration since the two coils at each circuit side are deployed on the same
ferrite layer. Nevertheless, the proximity between the coils results in unwanted cross-
coupling effects that influence the V/I-D converter performance. Chapter 5 analyzes
this influence in detail, defining design and operating strategies that preserve the V/I-D
converter’s advantages and functionality. The interoperability between a GA consisting
of a V/I-D converter with primary BPP and a VA composed of a secondary standardized
coil has also been proved. This feature further enlarges the applicability of the proposed
V/I-D converter.

Finally, summarized the conclusions of this thesis by answering the re-
search questions defined in Section 1.3.
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FRAMEWORK FOR THE DESIGN OF
IPT SYSTEMS

Most EV wireless charging systems work through inductive power transfer (IPT) with mag-
netic resonance. These IPT systems consist of two coupled coils forming a loosely coupled
transformer (LCT), e.g., the coupling factor k <0.5, due to their considerable distance. This
translates into a considerable leakage inductance of the LCT, which must be compensated
to minimize the IPT system's VA rating. For that purpose, passive components are nor-
mally connected to the LCT at both the primary and the secondary circuits, which take the
name of compensation networks. As a result, IPT systems are essentially resonant convert-
ers with an LCT. Numerous compensation topologies can be adopted in IPT systems which
can differ in the number of components, type of connection to the LCT, or tuning method.
This chapter explains and analyzes the main characteristics of the typical compensation
networks used in IPT systems focusing on the application of EV wireless charging. First,
the one-component compensation networks are considered. Among them, the series-series
(S-S) compensation is analyzed in detail, and a generalized designed method is proposed,
which is supported by experimental results performed on a 3.7kW laboratory prototype.
After that, the most common multi-component compensation networks are discussed, and
their features are highlighted. Finally, the concept of the hybrid compensation network is
proposed, which takes advantage of the one-component and multi-component compen-
sation networks to achieve self-balancing of the output power against the coils’ misalign-
ment.

This chapter is based on:

- E Grazian, W. Shi, T. B. Soeiro, J. Dong, P. van Duijsen, P. Bauer, “Quality Factor Based Design Guideline
for Optimized Inductive Power Transfer”, 2020 IEEE PELS Workshop on Emerging Technologies: Wireless
Power Transfer (WoW), pp. 178-183.

- E Grazian, T. B. Soeiro, P. Bauer, “Design Trade-Offs Between the Coupled Coils’ Inductance and the
Series-Series Compensation Capacitance for EV Wireless Charging Systems”, 2022 International Sym-
posium on Power Electronics, Electrical Drives, Automation and Motion (SPEEDAM), pp. 270-276.
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2.1. INTRODUCTION

A typical inductive power transfer (IPT) system used for EV wireless charging is shown in
Figure 2.1, where its power conversion stages are highlighted. For the SAE J2954 power
classes WPT1 and WPT?2, it is reasonable to consider that the IPT system is connected to
one phase of the low-voltage AC grid, being 230V 50Hz in Europe. This voltage is then
rectified through a power factor correction (PFC) rectifier. After that, a high-frequency
inverter supplies an alternating voltage to the resonant circuit, which frequency is in the
range of 79...90kHz [1]. The received power at the secondary circuit is then rectified and
supplied to the EV battery. Optional DC/DC converters can be employed at the DC-link
of both the transmitting and the receiving side to achieve larger controllability of the DC
voltage.

Vehicle Assembly (receiving secondary circuit)

DC/DC
converter High-frequency Compensation
(optional) rectifier a network
- + -
Vout —|_ 3
- _ e _?_
79...90kHz
Va
A
— ~ _ — Pl
230V Ny | TTT + | - + | =
50H:
: Vs Vin —|—
1-p grid| — | _ et _ X (B
PFC rectifier DC/DC High-frequency ~Compensation
converter inverter network
(optional)

Ground Assembly (transmitting primary circuit)

Figure 2.1: Typical power conversion stages of an IPT system used for EV wireless charging.

In IPT systems, the primary and the secondary coils are loosely coupled, i.e., their
coupling factor k <0.5, because of their considerable physical separation. In other words,
the coupled coils in IPT systems form a loosely coupled transformer (LCT). This means
that a large leakage inductance characterizes the two circuits. Passive components are
generally connected to the coils to limit reactive power circulating in the IPT system such
that enough active power is delivered to the battery achieving high transfer efficiency.
These passive components compensate for the inductive reactance of the coils, and for
this reason, they are called compensation networks.

Compensation networks can be composed of only one component, in that case, a
capacitor, or they might employ multiple components. The most used arrangements
and their properties are discussed in the next sections of this chapter. Nevertheless, as
explained in [2], the compensation networks must be designed to target the following
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requirements.

- The primary compensation network must minimize the VA rating of the power
supply. The secondary compensation network must maximize the power transfer
capability to the load.

- Load-independent characteristic providing either a voltage-source or a current-
source output.

- Soft-switching of the primary inverter through a slightly inductive input impedance.

- Bifurcation-free operation to guarantee control stability of the primary inverter,
meaning that the resonant circuit has only one resonant frequency.

- Insensitivity to parameters change.

- Suitability for bidirectional power flow.

2.1.1. HIGH-FREQUENCY INVERTING AND RECTIFYING POWER STAGES

The choice of the compensation network highly influences the topology of the power
conversion stages in Figure 2.1. For instance, each power conversion stage has either
a voltage source or a current source behavior, and two consecutive power stages must
have opposite behavior. For example, if the primary compensation network has a cur-
rent source characteristic, it must be powered by a voltage source inverter and vice versa.
Similar considerations can be made for the secondary compensation network connected
to the rectifier. Considering that the inverter and rectifier consist of an H-bridge con-
figuration where the inverter uses MOSFETs and the rectifier uses diodes, the possible
voltage source and current source topologies are shown in Figure 2.2. Both full-wave
rectifiers in Figure 2.2 can be directly connected to the EV battery, modeled as a volt-
age source, without a DC/DC converter. An alternative option could be employing ac-
tive semiconductor devices in the voltage source full-wave rectifier to improve the con-
verter’s efficiency and implement synchronous rectification. This would allow a bidirec-
tional power flow, enabling the vehicle-to-grid (V2G) power transfer option.

High-frequency inverter High-frequency rectifier

(Vs = voltage source) N
Vs Lin s kCS = current source J Vs s

(a)

;’MJ

Vin

A

"

M2
J + +

"

(b)

B

J

DIK

D2K

J D3K

D4K

DI4

Vout

D24

J D34

(©)

D41

(d)

Figure 2.2: High-frequency inverting and rectifying power conversion stages. The H-bridge configuration is
used, supposing that MOSFETs are employed for the inverter while diodes are used for the rectifier. Note that
employing MOSFETs in the voltage source rectifier would implement synchronous rectification, improving the
converter’s efficiency and allowing bidirectional power transfer flow. (a) Voltage source inverter; (b) current
source inverter; (c) voltage source rectifier; (d) current source rectifier.

The DC inductor in the current source configurations forces a continuous current
flow through the semiconductor devices. This results in the hard-switching of the in-
verter and the reverse recovery of the rectifier. The MOSFETs of the current source in-
verter must be able to block the high resonant voltage across C; during their off-state.
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Moreover, this topology is not intrinsically safe. In the case of an open circuit failure,
the current source would be interrupted since it cannot flow through the body diodes,
which would completely damage the circuit. Since the latter can cause problems for
product certification, an alternative current path must be included for protection pur-
poses which would increase the cost of the system. These consequences make the imple-
mentation of this topology inconvenient. On the other hand, the voltage source configu-
rations process an approximately sinusoidal current resulting from the resonant circuit.
In the voltage source inverter, the current can flow through the MOSFET’s body diode,
which enables the soft-switching operation. This operation is explained in detail in the
next paragraph. For what concerns the voltage source rectifier, the diodes can natu-
rally commutate when the output resonant current changes its polarity, preventing their
reverse recovery. All in all, the compensation network topology directly influences the
arrangement of the high-frequency inverting and rectifying power stages, and the ones
with the soft-switching capability are preferable.

ZVS TURN-ON OF THE PRIMARY VOLTAGE SOURCE H-BRIDGE INVERTER
Assuming that the high-frequency inverting stage consists of the voltage source H-bridge
inverter in Figure 2.1(a), a slight detuning from the resonance is desirable in any com-
pensation network to achieve the zero voltage switching (ZVS) turn-on operation. This
would limit the switching losses of the MOSFETs to the turn-off losses, which are typ-
ically low considering the high switching speed, especially of SiC MOSFETs. Moderate
switching losses simplify the sizing of the H-bridge inverter’s thermal management sys-
tems, and consequently, high power transfer efficiency can be achieved. Above all, it is
fundamental to limit the semiconductor stress to safeguard the switches’ reliability. The
latter is particularly true for high-voltage Si-based MOSFETs, which suffer poor body-
diode reverse recovery performance that can reduce the switch lifetime during hard-
switching.

As explained in [3], the ZVS turn-on is realized when the output current from the H-
bridge inverter i 4p lags the inverted voltage v4p as illustrated in Figure 2.3. This means
that the H-bridge inverter must operate in the inductive region of the resonant circuit.
For that purpose, all MOSFETs must be switched off before the current crosses zero.
During the dead time 4,44, the remaining current would flow through the anti-parallel
diodes of the MOSFETs that were blocking the input voltage V;,. This turn-off current
level has to be enough to discharge the drain-source capacitance C; of those MOSFETs
before they are turned on and start conducting. Additionally, during #;,.,4, the C 5 of the
MOSFETs that were just switched off is charged to block V;,.

The minimum turn-off current Iorgmin that ensures the ZVS turn-on can be calcu-
lated as shown in (2.1).

TorEmin = —Z.Cds'vm’max 2.1
tdead

In (2.1), it is assumed that the turn-off current Ipgr is constant. However, due to the
resonant characteristic, Iprr has likely a sinusoidal shape. This means that Iprr should
be larger than Iorgmin to guarantee the ZVS turn-on operation of the inverter. A safety
margin s;, > 1 can be defined that must be calibrated during the commissioning phase
depending on Cg; of the selected MOSFETs. At the same time, it is not preferable to set
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Figure 2.3: Inverted voltage v4p and current i4p that ensure the ZVS turn-on operation of the primary H-
bridge inverter. (a) The MOSFETs M1 and M4 conduct the positive half-wave of i45. (b) M1 and M4 are
turned off when the current is still positive, and, during the dead time, the current flows through the anti-
parallel diodes of M2 and M3, which discharges their drain-source capacitance before they start conducting.
At the same time, the drain-source capacitance of M1 and M4 is charged to block V;,. (c),(d) Operation of M2
and M3 that is equivalent to the previous half-period in (a),(b).

the operation too deep into the inductive region because this would increase the turn-
off losses and eventually worsen the power transfer efficiency due to a higher circulating
reactive current. Therefore, the turn-off current must be tuned to be equal or slightly
larger than s, - IorEmin-

The selection of the compensation network’s parameters directly influences the res-
onant frequency and, consequently, the inductive region of the resonant circuit. For this
reason, this chapter considers the soft-switching capability in the analysis and design of
the compensation networks.

2.1.2. CIRCUIT MODELING OF THE LOOSELY COUPLED TRANSFORMER

Unlike conventional resonant converters that employ highly coupled transformers, the
IPT systems’ reactance compensation is generally done considering the self-inductance
of the coils rather than the leakage inductance. This is because the leakage inductance
depends on the coupling k, which is not fixed in EV wireless charging. On the other
hand, the self-inductances L; and L, only vary slightly at different alignments due to the
changes in the LCT structure. For this reason, [4] explains that, while modeling the cir-
cuit of the LCT, it is preferable to use the mutual inductance M-model in Figure 2.4(a).
This is derived from the classical transformer T-model shown in Figure 2.4(b) consider-
ing the particular case with the unity turns ratio. In the M-model, the influence of the
coils’ coupling is represented as a current-controlled voltage source. The coils’ mutual

inductance M is defined as
M=k ILL, 2.2)

where typically k <0.5 in wireless charging applications and, L; and L, depict the self-
inductance of the coils.
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Ly-(1k) Ly"(1-k)

(a) LCT (b)

Figure 2.4: Equivalent circuit of the LCT through: (a) the M-model, (b) the classical T-model.

2.1.3. SCOPE AND CONTRIBUTIONS
This chapter investigates several compensation networks and assesses their feasibility
for the application of EV wireless charging. The main contributions are:

- the modeling and the analysis of one-component and multi-component compen-
sation networks, highlighting their main characteristics and proposing guidelines
for their parameters’ selection;

- explaining the detailed parameters’ selection and the design procedure of the cou-
pled coils with series-series compensation is explained, including experimental
results performed on a 3.7kW laboratory demonstrator;

- investigating the concept of the hybrid compensation networks, which combines
the qualities of the one-component and multi-component compensation networks.

2.1.4. OUTLINE

The one-component compensation networks are analyzed in Section 2.2. For those
compensation networks, a condition on the parameter selection is defined in Section
2.3 that ensures a bifurcation-free operation and optimum power transfer efficiency. An
example of the design guideline is discussed in Section 2.4, when the trade-off between
the coil’s inductance and compensation capacitance is performed. After that, the main
features and advantages of the multi-component compensation networks are explained
in Section 2.5. Section 2.6 demonstrates the concept of hybrid compensation networks.
Finally, Section 2.7 summarizes the features of the conventional compensation networks
and how to choose and design the most suitable compensation network.

2.2. ONE-COMPONENT COMPENSATION NETWORKS

The simplest compensation network consists of one capacitor, which can be connected
either in series or in parallel to the coil to compensate for their reactance. The possible
combinations are shown in Figure 2.5 which are called series-series (S-S), series-parallel
(S-P), parallel-series (P-S), and parallel-parallel (P-P) compensation networks.

In Figure 2.5, L; and L, are, respectively, the self-inductance of the primary and sec-
ondary coils, and R; and R, are their parasitic series resistance. C; and C, are the com-
pensation capacitors, and, as a first approximation, it is assumed that their equivalent
series resistance is negligible compared to R; and R,. The coils’ mutual inductance M
is defined in (2.2). It must be noted that the variable relative position of the two coils
makes k range from the maximum value at the perfect coils’ alignment to 0 when they
are completely apart from each other. In the equivalent circuits of Figure 2.5, the battery
and the power handling are replaced by the equivalent first-harmonic load R, defined
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Figure 2.5: Equivalent circuit in the frequency domain of the one-component compensation networks: (a)
series-series (S-S), (b) series-parallel (S-P), (c) parallel-series (P-S), and (d) parallel-parallel (P-P).

in (2.3) as explained by [5]. Thereby, Rp=724 Vour represents the equivalent DC resistive load
comprising the optional DC/DC converter ‘and the EV battery in Figure 2.1.

8 - Vout
—2RL = 77[[ if C, is connected in series (current source output)
. T 3 Toutr
_ (Vah)l ~
(T2 7
71.2 E Vout
?RL = if C, is connected in parallel (voltage source output)
p Tout

(2.3)

The selection procedure of the compensation capacitance for the circuits in Figure
2.5 is well-known from the literature [2], [6]-[8]. However, for compensation networks
different from the S-S, the works found in the literature do not give unanimous results.
This happens because, in those cases, the computation is rather difficult, and, on top
of that, compensation networks other than the S-S are not used often in high-power
wireless charging. In this research, it is important to compute an exact mathematical
model of all the compensation networks starting from the configurations in Figure 2.5
such that the analysis in the frequency domain can be executed.

2.2.1. SELECTION OF THE COMPENSATION CAPACITANCE
In the one-component compensation networks, the selection of the compensation nor-
mally starts with choosing the secondary capacitance C, such that it resonates with the

secondary self-inductance L; at the resonant frequency fy = 5 as defined in (2.4).
Cy = ! (2.4)
2- (,U%LZ '

The primary compensation capacitance C; is chosen to compensate for the reac-
tance of both L; and the one caused by the reflected impedance Z,. from the secondary
to the primary circuit. This means that the chosen C; must lead to a purely resistive in-

putimpedance Zinz‘I/‘:—g at f=fy, i.e., the zero phase angle (ZPA) condition is achieved.
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Therefore, C; must be selected such that the imaginary part of Z;,, is zero at the chosen
fo. For the four possible compensation networks in Figure 2.5, the first step to find C; is
computing Z;,, .

There are two equivalent methods to compute Z;,,. The first method uses the Kirch-
hoff voltage law listed in Table 2.1 for all the one-component compensation networks
from which V4 g and I 4 g can be found.

Table 2.1: Kirchhoff’s equations for the one-component compensation networks in Figure 2.5.

1
VAB:(R1+ij1+T)Il+ja)M12 with Ipag=1I,
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jwC
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'AB=(R1+jo 1+ij1) 1t joMI

. 1 .
0=(Ro+ jwlp)I>+ jw—CzICZ +joMI,
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" et

. . 1
0=(R+jowL)I1+joMI; - mTlICI

1
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. , 1
0=(R +](UL1)I;L +](UM12 - m[cl

. 1 ,
0=(R2+ jwLp) I+ jLuTgICZ + joMI;

On the other hand, the second method relies on the concept of the reflected impedance
Z . Accordingto [6], Z, is the equivalent impedance of the secondary circuit that is con-
sidered in series with the primary coil, as shown in Figure 2.6. As shown in Table 2.2, Z.
is dependent on the secondary impedance Z.
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Figure 2.6: Schematic of the equivalent reflected impedance Z; from the secondary to the primary circuit.
Then, depending on the type of compensation adopted at the primary circuit, Z;,,
can have two different expressions, which are shown in Table 2.2.

Table 2.2: Secondary impedance Z, reflected impedance Z;, and input impedance Z;,, of the one-
component compensation networks in Figure 2.5.

Z> Zy Z;

m

S-Sand P-S Ry +Rgc+ jwLy +

1
S-S and S-P R+ jowLy + +Z
jwCs w? M? 1@k joC r

1 Za

S-PandP-P | Ry + jwlp+ — P-S and P-P 1
jwCy + — jwC + ———F—
Jete Rac Jot Ri+jwLi+Zy

1

As mentioned before, C; is found to make Z;,, purely resistive at the chosen resonant
frequency fy. In this research, it is chosen to derive definitions of C; that also consider
R; and R, at least up to the first order. Table 2.3 shows the computed values of C; for all
four one-component compensation networks.

2.2.2. EQUIVALENT OPTIMUM LOAD AND BIFURCATION PHENOMENON
Table 2.4 lists some key parameters of the one-component compensation networks, which
are well-known from the literature [2], [6]. These are the reflected resistance R;, the
reflected reactance X, where Z,.=R,+jX,, the quality factors of the primary and sec-
ondary resonant circuits Q. and Qy., the quality factors of the coils Q; and Q». The
coils’ quality factor Q; and Q- indicates how close the coils are to an ideal inductor. Ad-
ditionally, it is interesting to notice that if the secondary coil is series compensated, the
reflected reactance X, to the primary circuit would be zero, meaning that C; would not
have to compensate for that. Moreover, the reflected resistance R, is used to compute
the quality factor of the primary resonant circuit Q;.. In [6], the calculation of Q;, and
Q2 assumes that R;=R,=0 since they are negligible with respect to R.

From the parameters in Table 2.4, two fundamental conditions of the one-component
compensation networks can be found, which are the bifurcation-free criteria and the op-
timum load condition. These are summarized in Table 2.5 where it is possible to notice
that both conditions put requirements on the equivalent resistive load R.

The bifurcation phenomenon influences the ZVS turn-on of the H-bridge inverter.
As explained in Section 2.1.1, a voltage source H-bridge inverter achieves the ZVS turn-
on when the inverter’s output current I 4 g is inductive with respect to V4pg. Gen-
erally, in resonant converters, this is realized by operating the H-bridge inverter at a
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Table 2.3: Primary compensation capacitance Cj for the one-component compensation networks including R and Ry, where C is defined in (2.4).

(6]
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Table 2.4: Reflected resistance Ry, reflected reactance X, quality factors Qj. and Q2. of the primary and
secondary resonant circuit [6], and quality factors Q; and Q3 of the coils.

C» connection Ry Xr Q1c Q2¢ Q1 Q2
2872
s wgM 0 LiRge woLy
Rac w0M2 Rac woiLl woiLz
> M?Rac | woM? | @oLily | Rgc R R
L% Ly M? Rac woLy

Table 2.5: Bifurcation-free criteria and optimum load condition for the one-component compensation net-
works in Figure 2.5. The quality factors Qj¢, Q2¢, Q1 and Q; are defined in Table 2.4.

Bifurcation-free criteria [6]

Optimum load condition [2]

4Q3,
< = _ _ 12
S5 | Que> 2 Rac > Rae,pif = woLa\/ 20~ V1-k2) L VI 200,
QZC Rac:Rac,opt: C—ZT
P-S Q1¢c > Q2¢ Rgc > Ruc,bif =woM E
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1 w2l 13 Ly Q2
[ ot1lo _ _. [ Ze _
Qe>Qet o | Rac<Raepip =\| =72 ~wpls | Rac=Racopi=)\| G, “r=roes
P-P

switching frequency higher than the circuit’s resonant frequency. However, this is valid
if the phase angle ¢(I 4 g) is monotonic with respect to the frequency. Depending on
both the loading condition and magnetic coupling between the primary and secondary
coils, there might exist multiple frequencies that satisfy the ZPA condition (¢(I 4 g)=0),
meaning that I 4 g would not be monotonic. In the literature, this is called the bifur-
cation phenomenon or frequency splitting [7], [9]-[13]. In those cases, operating the
H-bridge inverter above the resonant frequency leads to a capacitive-like behavior of

ZVS turn-on
(inductive)

¢ (Ziu)

=R

res,max

Rm:,b[/

n res

Hard-switching
(capacitive)

R
L / ac,opt

1
1,
(@

1
1,
(b)

Figure 2.7: Typical analysis in the frequency domain based on the S-S compensation for different values of
Rgc. (a) Phase angle of the input impedance ¢(Z;,,)=—¢(I o g). The bifurcation phenomenon is present
when ¢(Z;,,) has multiple ZPAs, i.e., ¢(Z;,,)=0 for multiple frequencies. (b) Efficiency of the resonant circuit
Nres which is maximum when Rac=Rac,op¢ at f=fo.
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I 5 p causing the hard switched turn-on of the MOSFETs. Therefore, the operation must
be bifurcation-free to guarantee soft-switching and stable controllability of the inverter.
An example of the bifurcation phenomenon is shown through the frequency domain
analysis of ¢(Z;,,)=—¢(I g g) in Figure 2.7(a) which considers the S-S compensation for
different values of R. It is preferable to design the resonant circuit such that the bifur-
cation does not occur for the entire operating range of R,.. It can be noted from Table
2.5 that the bifurcation free-criteria is dependent on the mutual inductance M.

The optimum load condition states that the maximum power transfer efficiency of
the resonant circuit 77,5 is achieved if the equivalent resistive load R,, matches the opti-
mum load Rac,op: at f=fo. In [2] and [14], Rgc,0p: in Table 2.5 is the resulting equivalent
resistive load that maximizes 7,5 in (2.5), where 1, is the efficiency of the primary cir-
cuit while 1, is the efficiency of the secondary circuit. An example of the resonant circuit
efficiency computed for different values of R, in the frequency domain is shown in Fig-
ure 2.7(b), which considers the S-S compensation. Thereby, it is possible to notice that
Tres is maximum at f=f, when Rgc= Rac,op:.

Re(Z;) . Re(Z2)— R,
Re(Z,)+ Ry Re (Z5)

Nres=TM17M2= (2.5)

2.2.3. COMPARISON OF THE ONE-COMPONENT COMPENSATION NETWORKS
The main properties of the one-component compensation networks in Figure 2.5 are
listed in Table 2.6.

Table 2.6: Summary of the properties of the one-component compensation networks.

Properties S-S S-P P-S P-P
Inverter source type VS VS CS CS
Rectifier source type (direct battery connection) VS CS CS VS
Load-independent output CC Ccv CC Cv
Possibility of inverter’s ZVS turn-on v v X X
Soft-switching rectifier v X v X
Bifurcation influence Rac! | Racl | Rac! | Rac!
Coupling-independent Pyt X X X X
C; dependence on k X v v v
C; dependence on R, X X v v
Real Z; at f=fy 4 X 4 X
Intrinsically suitable for bidirectional power flow v X X X

v/ =present X =not present

VS=voltage source, CS=current source, CV=constant voltage, CC=constant current

The compensation networks with a series-connected primary capacitor, i.e., S-S and
S-P, require a voltage source inverter which, as explained in Section 2.1.1, is preferable
since it can achieve the ZVS turn-on operation. On the other hand, it is not possible
to use a voltage source H-bridge inverter with the P-S and the P-P due to their primary
compensation capacitor being directly connected in parallel to the output of the inverter.
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Figure 2.8: Analysis in the frequency domain of the output voltage |V,;| and current || of the one-
component compensation networks for different values of R;¢ and at two values of k. It is assumed that the
input source is V;,=405V for the S-S and the S-P compensations, and I;;,=3.7A for the P-S and the P-P com-
pensations. The coils parameters are chosen based on [15], where L1=206.53uH, L>=214.96uH, k=[0.11 0.055].
Moreover, it is assumed that Rj=R»=0 to assess the ideal behavior. Additionally, C; has been calculated based
on Table 2.3, while C; follows from (2.4) where fy=85kHz.

As a consequence of the compensation capacitance tuning explained in Section 2.2.1,
the one-component compensation networks have either a constant current (CC) or a
constant voltage (CV) load-independent output in correspondence to the resonant fre-
quency. For the investigated one-component compensation networks, this characteris-
tic of the output has been assessed in the frequency domain analysis in Figure 2.8 for
different values of the equivalent load R, and at two k conditions. All the compensa-
tion networks have been tuned such that fy=85kHz. The circuits with a series-connected




36 2. FRAMEWORK FOR THE DESIGN OF IPT SYSTEMS

secondary capacitor have approximately a CC load-independent output in correspon-
dence to the ZPA. This means that a voltage source rectifier can be employed. On the
other hand, the compensation networks with a parallel-connected secondary capacitor
have approximately a CV load-independent output in correspondence to the ZPA. The
CCload-independent output can be achieved at a frequency higher than the resonance,
but it would not result in the ZPA. However, [2] and [16] explain that the CC output char-
acteristic could be achieved at the resonant frequency by adopting a different tuning of
the compensation network. With a parallel-connected secondary compensation capac-
itor, a current source rectifier must be used to have a direct battery connection since
the battery has a voltage source behavior. This option is not preferable since the recti-
fier would have reverse recovery losses during the switching transitions due to the con-
tinuous load current imposed by the output DC inductor L,,; shown in Figure 2.2(d).
Additionally, it must be pointed out that the CC or CV load-independent output of the
one-component compensation network is dependent on the coupling factor k as shown
in Figure 2.8. For instance, in the presence of misalignment, higher power is transferred
if the input voltage or current supply is unvaried. This puts requirements on the control
of the power flow and the circuit protections.

The S-S compensation is the only one in which both C; and C; are independent of
the load R, and the coupling k. Moreover, it is also the only one that employs a voltage
source inverter and a voltage source rectifier. These features make the S-S compensation
intrinsically suitable for a bidirectional power flow when synchronous rectification is
used. All in all, in the application of EV wireless charging, the S-S compensation is the
most used among the one-component compensation networks.

2.3. QUALITY FACTOR-BASED PARAMETERS SELECTION FOR THE
ONE-COMPONENT COMPENSATION NETWORKS

Depending on the parameters of the IPT system with a one-component compensation
network in Figure 2.5, the condition that maximizes the power transfer efficiency and
the one that ensures the ZVS turn-on of the inverter defined might be conflicting. For
instance, in Table 2.5, the range of the bifurcation-free condition might not include the
optimum load Ruc0p:. An example of this incompatibility is shown in [17] for an S-S
compensation network, where a sub-optimum design needs to be chosen to prevent the
bifurcation phenomenon. Therefore, this section defines a guideline for selecting coils’
quality factors that simultaneously satisfy the optimum load and the bifurcation-free
conditions defined in Table 2.5.

2.3.1. DEFINITION OF THE PARAMETRIC GUIDELINE

In the design process, it is possible to make sure that the condition for the optimum ef-
ficiency of the coils and the bifurcation-free operation are compatible at the same time.
This can be done by relating the two conditions to each other. The analytical approach
combining both conditions is shown in Table 2.7 for the one-component compensation
networks. Once the secondary coil inductance L, and series resistance R», the operating
frequency wgy = 27 fj, and the coupling factor k are designed, the primary coil’s quality
factor Q7 that satisfies both conditions can be computed for the four basic compensa-
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Table 2.7: Parametric condition on the primary coil’s quality factor Q; such that if Q1=Q7 both the optimum
load condition and the bifurcation-free criteria defined in Table 2.5 are satisfied at the same time.

Design condition Q7
2a2(1- V1-k?)wjL3 - RS
kwoloRy
212,272
a“k“wgl; — Ry
Rok?woL>

S-S Rac,opt = aRgcpif

P-S | Racopt =aRgcpif

S-P e an KPwoL}—d?(1- k¥ R}
ac,opt = ac,bif d2(1 — kz)Rzkzw%Lz

p-p

where a>1and d <1

tion networks. In Table 2.7, the condition on Q7 is not strict because it can be tuned
by choosing the value of the coefficients a or d, where a > 1 and d < 1 must hold. The
further a and d are from the unity, the more Ry op will differ from R, p; r. The conver-
sion between the equivalent resistive load R, placed at the high-frequency side and the
equivalent resistive load Ry, placed at the DC output can be made through (2.3).

2.3.2.IPT SYSTEM DESIGNS AND ANALYSIS

To evaluate the parametric guideline in Table 2.7, examples of circuit parameters for
11kW wireless battery charging systems have been computed for the four basic com-
pensation networks at different values of the coefficients a and d. The results are sum-
marized in Figure 2.9. It is assumed that:

- the coefficients a and d are selected as a = (1, 1.1, 1.3) and d = (0.7, 0.9, 1), within
the range defined Table 2.7. This means that, for each compensation network,
three designs are analyzed which have an optimum load Ry o, that can be equal,
10%, or 30% different from the bifurcation boundary load Ry, p; f;

- the secondarycoil in [18] is used as a reference, whose parameters are L, = 214.96 uH
and R, =0.5Q;

- the primary coil is designed such that QI:Q;‘, k =0.11, Ri{=R; - a for S-S and P-S, or
R1=R;-(2-d) for S-P and P-P. It is assumed that a higher inductance corresponds to
a higher series resistance because of an increase in the number of turns;

- the coupling factor k between the coils is fixed.

Figure 2.9(a) and Figure 2.9(c) show the resulting Ry¢,0p: and Ry pi ¢ at the different
coefficients a and d. As expected from the design condition in Table 2.7, R4 0pr and
Ry pip are identical when a and d are equal to the unity. On the other hand, the further
a and d are from the unity, the more R, op; differs from R, p; . Additionally, given the
above-mentioned assumptions, Figure 2.9(a) and Figure 2.9(c) show also the resulting
coils’ inductance Ly, Lz, and the coils’ quality factors Q1=Q;, Q2. When Ry opt = Rac bif»
the inductance and quality factor of both coils are equivalent, which means that the pri-
mary and secondary coils are identical. The farthest a and d are from the unity, the
larger the inductance of the primary coil is with respect to the secondary coil. However,
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Figure 2.9: 11kW wireless battery charging systems at different values of either the coefficient a for the S-
secondary in (a),(b), or d for the P-secondary in (c),(d). (a),(c): optimum load, coils’ inductance, and quality
factor. (b),(d): phase angle of the input impedance and output power depending on the frequency.

the inductance is not the only parameter changing since the coils’ quality factor also in-
creases as a and d become more different than the unity. This means that L, is not only
increased by adding more turns but also by modifying the coils’ geometry and dimen-
sions.

As explained in Section 2.3.1, the soft-switching of the inverter can be achieved by
operating at a frequency higher than the system’s resonant one, as long as the condi-
tion a >1 or d <1 is valid. However, within this condition, the values of a and d highly
influence the phase angle of the input impedance ¢(Z;,,) seen by the inverter in the
frequency domain. As a consequence, this affects the controllability of the inverter.
Figure 2.9(b) and Figure 2.9(d) show that the further a and d are from the unity, the
steeper ¢(Z;,,) becomes. This means that considerably higher inductive behavior can
be achieved with small frequency variations. However, it is not preferable to have a sharp
change in ¢(Z;,,) while changing the frequency because it is important to have smooth
controllability of the reactive power circulating in the system. On the other hand, if the
gradient of ¢p(Z;,,) is relatively low, it might happen that the desired phase shift cannot
be achieved within the allowed frequency range. For example, according to SAE J2954
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[1], the allowed operating frequency range is 79...90kHz. Therefore, if the nominal fre-
quency is chosen as 85kHz, the tuning range for the soft-switching has a bandwidth of
only 5kHz.

Besides the ZVS turn-on, another direct consequence of operating at a frequency
slightly higher than the resonance is that the delivered output power P,,; would vary
from the design value. Figure 2.9(b) and Figure 2.9(d) show the characteristic of P, de-
pending on the operating frequency for different values of the coefficients a or d, where
itis chosen that P,,; = 11kW at the resonant frequency of fy=85kHz. When a and d are
close to the unity, P,,; increases when operating at frequencies immediately higher than
the resonance. This means that the DC input source (either V;, or I;;) must be lowered
to set the value of P,,; back to the nominal level. For example, this could be done by
connecting a step-down converter at the input of the H-bridge inverter. However, above
a certain frequency, P, starts dropping, and the characteristic required from the DC
input source would be the opposite. Therefore, if a and d are close to the unity, the con-
verter connected at the input of the system might need both a step-up and step-down
behavior. On the other hand, as the coefficients a and d become farther than the unity,
P, drops for the whole frequency range higher than the resonance. Consequently, the
DC input source must only be stepped up to reach the nominal P,,;. In this case, the
operation would be inherently safer because the power would not be higher than the
nominal. The controllability of the system becomes easier since it is only required in
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Figure 2.10: Simulated circuit waveforms of the 11kW S-S compensation network resulting from Figure 2.9
where f> fy to achieve the ZVS turn-on of the inverter. The primary coil’s quality factor Q] is computed from
Table 2.7 such that: (a) a=1, (b) a=1.3.
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Figure 2.11: DC output Vyy¢, Ioyr and DC input source (either V;;, or I;,,) at different values of either a or d
considering Pyyr = 11kW for: (a) the S-S, (b) the P-S, (c) the S-P, and (d) the P-P compensation networks.

one direction, and the DC input source range of the converter can be extended since
only a step-up converter could be used rather than a step-up and step-down converter.
However, as a and d become far from the unity, the effective bandwidth in which it is
possible to deliver P,,; reduces as it is shown in Figure 2.9(b) and Figure 2.9(d). A nar-
row bandwidth would become critical for the stability of the IPT, which is especially true
in the presence of frequency detuning due to the parameters’ tolerance. Therefore, se-
lecting a value for a and d excessively different than unity is not preferable. From this
example, it is clear that the choice of the coefficients a and d also affects the topology
selection for the power electronics converter needed to ensure stable delivery of P,,,;.

The described characteristics of the IPT systems have been also verified through cir-
cuit simulations. Figure 2.10 shows the circuit waveforms of the 11kW S-S compensa-
tion network designed with a=1 and a=1.3. Thereby, the H-bridge inverter operates at
the ZVS turn-on with a positive switch current of 8A, and the equivalent load R, is set
at the computed optimum load R op in Figure 2.9(a). When the operating frequency
is increased to achieve the ZVS turn-on, it is possible to observe that the P,,; character-
istic agrees with the one in Figure 2.9(b): Py, increases for a=1 and decreases for a=1.3.
As a consequence, the input voltage V;;,, must be controlled to shift P,,; back to 11kW.
In particular, in Figure 2.10(a), V;, has been lowered from 431V to 417V, while in Figure
2.10(c), it has been increased from 555.2V to 567.2V.

Additionally, it is interesting to notice from Figure 2.10 that the chosen value of a
leads to different input and output voltages required to deliver the same output power at
the optimum load condition. This means that the choice of a highly influences the power
transfer characteristic. The main reason is that the two values of a result in different
values of the mutual inductance M even though the coupling k is fixed. The effect of
M on the DC input and output voltages of an IPT system with the S-S compensation
is discussed more in detail in Section 2.4.2. The influence of a and b on the DC input
and output quantities is analyzed for all the four compensation networks in Figure 2.11,
considering P,,; = 11kW. Therefore, the value of a and d can be chosen such that V;,
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is within the allowed voltage range from the grid connection and that V,,; matches the
nominal voltage of the battery.

2.4. DESIGN TRADE-OFFS BETWEEN THE COUPLED COILS’ IN-
DUCTANCE AND THE COMPENSATION CAPACITANCE IN THE
S-S COMPENSATION NETWORK

In the case of static EV wireless charging, the S-S compensation is generally preferred
since the resonant circuit has the minimum number of passive components, and the
coils’ misalignment generally happens in a limited range. The equivalent circuit of a
typical IPT system using the S-S compensation is shown in Figure 2.12. The analyti-
cal modeling of the S-S compensation has been well-exploited in [2], [6], [7], [10], [11],
[19]. However, while designing a certain wireless charging system, there are infinite com-
binations of coils’ inductance and compensation capacitance values that resonate at a
specific frequency. It is not always clear to engineers, designers, and researchers how to
choose the values of these passive components. Nevertheless, it is fundamental to per-
form that selection process before designing and implementing the coupled coils and
the compensation capacitors. The failure of this process could result in an EV wireless
charging system with an unnecessary lower power transfer efficiency, poor utilization of
the DC-link input voltage, or possibly the loss of the H-bride inverter’s soft-switching.

Tout

DIX D2K
Coﬂ Vout

0

i

D3K D4k

Figure 2.12: Equivalent circuit of an IPT system for wireless charging of EVs with the S-S compensation.

Specifically, the choice of the circuit parameters must result from the following con-
siderations:

- the desired power transfer level must be met at the chosen operating frequency
range, which, according to SAE J2954, it is 79...90kHz for wireless charging of light-
duty EVs;

- the DC input and output voltages must be within the allowed range defined by the
power source, the load, and the implemented converter circuit components. The
use of additional non-isolated DC/DC converters cascaded to the basic resonant
converter allows the extension of the input or output voltage range to fulfill the
application’s power transfer requirements. However, the voltage range of these
converters is also limited, and it is preferable to use as few conversion stages as
possible to guarantee low power losses and avoid additional manufacturing costs;

- the current flowing through the switches must be kept low, and soft-switching
must be ensured to limit the power losses in the converters’ switches;

- theresonant circuit’s voltage and current stress must be reasonable to reduce com-
ponent cost, limit losses, and simplify the manufacturing process.
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The most favorable ratio between coils’ inductance and compensation capacitance must
satisfy all these requirements.

2.4.1. ANALYTICAL MODELING OF THE S-S COMPENSATED CIRCUIT
As previously stated in Table 2.1, the behavior in the frequency domain of the S-S com-
pensation network is described by (2.6). Thereby, L, is the primary coil’s self-inductance,
and L, is the coil’s secondary self-inductance of which the magnetic coupling k depends
on the coils’ mutual inductance M as shown in (2.7). Moreover, C; and C, are the S-S
compensation network’s capacitances, and R; and R; are the lumped series resistances
modeling the losses of the primary and the secondary circuits’ components. The pri-
mary and secondary circuits’ impedance Z,, Z, are defined in (2.8). According to [5],
the input voltage V4 g and the equivalent resistive load R, are defined in (2.9). Note
that the voltage and current phasors are expressed in terms of their amplitude.
Vap=2Z11, + joMI, 2.6
0=(Zs+Rao)I2+ joMI, 0

M=k\LL, 2.7

1
Z;=Ri+jwX;, Xi=wLi———: i=1..2 2.8
i i T JWA; i i wC; (2.8)
4 8 8 V2
VaB =Vap/0°==Vin, Rac=—Rp=—-2 (2.9)
b4 4 7% Pour

Additionally, for a given processed power, the resonant circuit’s efficiency 1nap-to-ap is

defined in (2.10).
Rac|I2 |2

todb = ——————— (2.10)
T)AB-to-ab VaglRe L]

The total DC-to-DC efficiency npc-to-nc also considers the power losses of the in-
verting and rectifying stages, of which parameters can be extrapolated from the devices’
datasheet. Assuming that the H-bridge inverter operates in ZVS turn-on, its power losses

are
4

+ ZlEoff(M” “fo 2.11)
i=

Piny = 4'Rds,0n : (|Iz_1|)2

where Ry 0n is the on-resistance of the MOSFETs and E, ¢ is their turn-off energy loss.
Since C, is chosen such that X, = 0, the rectifier’s power losses are mainly due to the
conduction:

Prect =4-

|Iz|)+r(lI_zl)2 (2.12)

B3 2

v

In (2.12), Vg is the forward voltage drop of the bipolar technology, while r models the
linear increment of the voltage drop across the diode as a function of the flowing current.
Finally, npc-to-pDc can be computed as

Pout

_to-DC = _to-ab 2.13
1DC-to-DC = T)AB-to-ab Pt Pyt Proc (2.13)
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2.4.2. SELECTION OF THE TARGET MUTUAL INDUCTANCE
In the design of an IPT system, generally, the chosen battery charging application defines
the desired power level P,,;, the nominal battery voltage V,,; and its charging range,
the available range of input voltage V;, from the power source, and the allowed resonant
frequency range fO:%. After the identification of these inputs, it is possible to compute
the approximate required M which results in (2.14). The latter has been calculated from
(2.6)-(2.9), assuming: X;=X»=R;=R»=0.

M= % YinVout (2.14)

7% woPoys

When considering the application of EVs, SAEJ2954 [20] regulates three power classes,
namely WPT1, WPT2, and WPT3, which correspond to a maximum input power from the
AC-grid of (3.3, 7.7, 11.1)kVA, respectively. The guidelines for 22kVA (WPT4 power class)
are still under consideration [1]. Moreover, SAE J2954 defines the operating frequency
range for the H-bridge inverter in Figure 2.12, being 79...90kHz.

From (2.14), it is intuitive that, for the same V;;, V,,; and wg, each power level re-
quires a different value of M. An example of that is shown in Figure 2.13. Thereby, the
power classes WPT1 and WPT2 have a single-phase (1-¢) connection to the European
low-voltage 50 Hz grid, while a 3-¢ grid connection is considered for WPT3 and WPT4.
This choice is due to the fact that households in Europe have limited access to grid con-
nections with more than 16 A for each 230V phase.

7, =500V =@M (3.7 kW) T, =800V M (11.1 kW)
(1-p grid connection) |=@=}/ (7.7 kW) 100(3 ¢ grid connection) = M (22 kW)
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Figure 2.13: Required mutual inductance M, DC output current I, and equivalent resistive load Ry, depend-
ing on the nominal battery voltage Vy,¢ for the power levels P;;, of: (a) 3.7kW (WPT1), 7.7kW (WPT2), and (b)
11.1kW (WPT3), 22kW (WPT4), where Py;=0.9-P;,, and fy = 85kHz.

Figure 2.13 shows that the constraints imposed on a specific EV wireless charging
application result in a required M that might differ considerably from other applications
with different battery voltages or power classes. For instance, considering all the uses
cases in Figure 2.13, the required M can be in the range 20...300uH. If the coils’ imple-
mentation does not result in the target M, the use of additional non-isolated DC/DC
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converters cascaded to the basic resonant converter allows the extension of the input or
output voltage range to fulfill (2.14). However, this is not preferable to limit the power
losses and avoid extra manufacturing costs.

2.4.3. SELECTION OF THE COILS’ AND COMPENSATION’S PARAMETERS
After the identification of the target M, it is now important to choose the combination
of inductance and capacitance that leads to a high-efficiency operation. The selection
of the coils’ parameters L;, R;, Ly, R and k is performed through (2.15). This ensures
that the IPT circuit’s operating frequency is within the allowed range from the standard.
Moreover, it guarantees that the equivalent resistive load Ry = ‘"” coincides with the op-
timum load Ry, ,p; achieving the load impedance matching descnbed in [15], [21], [22].
Additionally, the bifurcation phenomenon is avoided by imposing the condition defined
in Table 2.7 on the primary and secondary coils’ quality factor Q;, Q.. The optimum load
condition and the bifurcation phenomenon have been previously discussed in Section
2.2.2.

A relationship between the coupled coils’ parameters can be computed from (2.15)
which depends on Q, Q2, and k. This dependence is going to be discussed in the ex-
ample of Section 2.4.4. A specific solution of the coupled coils’ parameters would result
from their physical characteristics which are a consequence of their geometry and struc-
ture. This point is addressed in Section 2.4.5.

fsw = fo=79..90kHz
8 VinVe
kvIiL = ——— from (2.7) and (2.14)
e woPoys
{R.=R 7 oty | R (2.15)
= = —w .
L Lopt 8 0 Rl
2a*Q3(1-V(1-k*) -1 ‘
1= 2 where:
woL
a>1, le 0L1 Q2: 0L2
R,

Finally, C; and C; can be calculated from (2.8) by imposing X; > 0 and X>=0. This
choice translates into an inductive primary current necessary to achieve the ZVS turn-
on of the H-bridge inverter explained in Section 2.1.1.

2.4.4. EXAMPLE BASED ON A WPT1 EV WIRELESS CHARGING SYSTEM: AN-

ALYTICAL COMPUTATION

From (2.14), when considering Py, max=3.4kW, V;,=490V, V,,;=400V, and f,=79kHz,
the target M is estimated to be 94.14puH. At this point, the optimized combination of
inductance and capacitance needs to be selected.

Figure 2.14 shows the resulting circuit parameters depending on the values of k, Qi
and Q2, which, in turn, result from the coils’ dimensions and geometry.

Figure 2.14(a) shows that the inductance and the capacitance are independent of Q
and Q,. For instance, to achieve the same M, the required L, and L, increase as k drops.
Therefore, for the same value of k, both Q; and Q. derive from the coils’ resistance.
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Figure 2.14: Parameters of the WPT1 EV wireless charging system resulting for different coupling k and sec-
ondary coil’s quality factor Qz (M=94.14uH). (a) Coils’ self-inductance L and Ly, and compensation capac-
itance C; and Cy. (b) Peak current and peak voltage in both primary and secondary resonant circuits. (c)
Primary coil’s quality factor Q; from (2.15) with a=1.02, the resonant circuit’s efficiency n5g.¢o-ap and the over-
all efficiency npc-to-pc of the IPT system computed from (2.10) and (2.13).

According to Figure 2.14(b), the secondary circuit’s current stress |I»| is invariant of
the coils’ parameters since V,,; and P,,; have been fixed while keeping flexibility on
Vin. For this reason, the current stress on the primary circuit |I;]| can differ among
these designs up to 5.5%. Generally, |I;| is lower for higher values of k and Q,. As a
consequence of the current stress and the inductance and capacitance values in Figure
2.14(a), the voltage stress at both primary and secondary circuits can drop up to 60%
as k increases. The resulting voltage stress highly influences the design of the passive
components. When considering the main coils, enough distance needs to be allocated
between each neighboring turn and the coil’s terminals to ensure isolation. This dis-
tance depends on the total voltage stress. On the other hand, assuming that a single
unit capacitor is used to form the total compensation capacitance, the voltage stress
on the compensation capacitors influences the required number of series connections
between the single units based on their voltage rating. A larger number of series connec-
tions translate into more necessary parallel connections to reach the same capacitance
value. Consequently, this affects the number of used components, the total size of the
printed circuit board (PCB), and above all the system’s total cost. In general, higher volt-
age stress requires larger distances between the elements, increasing the occupied space
by the IPT system.

By using (2.15), Figure 2.14(c) shows that in all designs, the bifurcation phenomenon
is avoided if Q; > Q.. Moreover, the power transfer efficiency improves with higher k and
Q- values because of the lower current stress and the reduced coils’ resistance. It can be
noticed that, to reach a certain DC-to-DC efficiency npc-to-pc When k is low, there is the
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Table 2.8: Dimensions (mm) valid for both coils referring to Figure 2.15.

XarYarZa | Xf» Xf unip Y+ Yfuniv 2f Xer Ve Zfc | Zf-q | Aw
570, 370, 2 559, 43, 364, 28, 4.1 545, 350 2 4 2.5

Ferrite units: E planar core 3C95; Litz wire: 600 strands x 0.071mm

need to design coils with higher quality factor than in the case with higher k. For exam-
ple, to achieve npc-t0-pc=95.8%, Q2=395 is required at k=0.15, while Q,=235 is required
at k=0.25, and Q»=165 is required at k=0.35. Higher Q- values can be obtained by chang-
ing the coil’s structure or employing a Litz wire with a larger diameter, i.e., reducing the
current density of the coil. These considerations are discussed further in Section 2.4.5.

2.4.5. EXAMPLE BASED ONA WPT1 EV WIRELESS CHARGING SYSTEM: COILS

DESIGN THROUGH THE FEM ANALYSIS
In Section 2.4.4, different options have been explored for the choice of the IPT system
parameters, which are summarized in Figure 2.14. These are dependent on k and Q,
which are consequences of the coils’ geometry and structure.

In EV applications, the available space for the coils’ placement is limited, which re-
straints their maximum area. In this analysis, the main coils’ dimensions were given as
listed in Table 2.8 referring to Figure 2.15. The dimensions of the aluminum shield, the
ferrite layer, the outer sides of the winding, and the Litz wire’s diameter are fixed, and
they are identical for both coils. However, there is still room to choose their coil’s spread
Csp defined in Figure 2.15, their number of turns N and the distance between them in
the z-direction, being Z;¢ = 100mm. It must be noted that the following method also
applies if there are more degrees of freedom in the coils’ structure or geometry. Addi-
tionally, this approach could also be included in a coils’ design based on multi-objective
optimization such as [15], [21] and[23]. In those cases, the spectrum of possible solu-
tions would be wider.

xﬁunit x(‘x_'/ xa y_/,’um't
/ ‘/ 1 f
E= o0
C,~Nd, gap
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iz /I
Z :[7
y C’.vp
z X

Figure 2.15: Coils’ geometry which dimensions are specified in Table 2.8.

The values of Csp1, Csp2, N1, N2 and Z,g are selected by performing a FEM analy-
sis on different possible designs of the coupled coils while making sure that the condi-
tions in (2.15) are satisfied. According to Section 2.4.4, the coupled coils must result in
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M=94.14pH at fy=79kHz for the aligned condition. Moreover, the optimum load condi-
tion in (2.15) must satisfy Ry op,=R;=47.06 Q2 which translate into %:0.666. To avoid the
bifurcation phenomenon, Q; > Q» must hold.

FEM ANALYSIS OF SINGLE (UNCOUPLED) COILS

To understand the influence of Cs, and N on the coil’s inductance L and resistance R, a
sensitivity analysis has been performed by sweeping those parameters. The rectangular
coil in Figure 2.15 has been considered and fixed dimensions are specified in Table 2.8.
In this first stage, the coil is placed in the free air, and it is not coupled to another coil to
ensure that a specific magnetic coupling does not influence the results.
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Figure 2.16: Parameters of single (uncoupled) coils that have different coil’s spread Csp and number of turns
N, resulting from the FEM analysis. The coils’ geometry is defined in Table 2.8 and Figure 2.15.

Figure 2.16 shows the resulting coil’s resistance R.,;;, inductance L.,;;, and quality
factor Q.,;; for different Cs, and N. These have been found from the FEM analysis per-
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Table 2.9: Parameters of the coupled coils from the FEM analysis. The primary and secondary coils’ designs
derive from Figure 2.16.

Coupled coils from Figure 2.16

Secondary Primary k % Q1,Q2(pu) | Zgg(mm)
0.324 0.613 220, 219 105.5
0.333 | 0.650 219, 220 105.0
0.32 0.627 222,220 106.5
0.357 0.643 220,213 105.5
0.356 0.639 222,214 109.4
0.316 0.662 227,215 108.0
0.320 0.655 222,217 114.0
0.317 0.638 223,217 120.0
0.357 0.643 224,214 114.5
0.335 0.687 223,217 119.5
0.327 0.664 227,218 122.8
0.352 0.666 221,216 110.5
0.352 0.659 224,218 117.6
0.332 0.744 225,216 104.8
0.332 | 0.693 223,220 121.5
0.325 0.672 228, 221 125.0

formed through COMSOL Multiphysics. The same outer diameter d,,=2.5 mm of the Litz
wire has been considered for all designs since the coil’s current density will not change
drastically for the same value of M as shown in Figure 2.14(b). Additionally, for each
value of Csp, the maximum allowable N is found such that gap = 1.2, where gap is
dimensionless as defined in Figure 2.15. This ensures a minimum distance between ad-
jacent turns that guarantees electrical isolation and limits the proximity effect.

According to Figure 2.16, it is worth mentioning that a higher value of Q.,;; can be
achieved by reducing Cjs), for the same N as long as N <25. On the other hand, a larger
Csp can accommodate more number of turns N and, consequently, higher values of self-
inductance can be achieved.

In Figure 2.16, the target coils’ self-inductance values L; and L, found in Figure
2.14(a) are compared to L,;; resulting from the FEM analysis of different designs. It is
possible to notice that C;;,=0.03m results in L,;; lower than the target values for k <0.35.
Therefore, that coil’s spread is discarded.

The analysis of single coils in Figure 2.16 is valuable since it gives a first indication of
the parameters to be expected from a certain coil’s design. Nevertheless, it is essential
to also assess the final configuration with the coupled coils, in which their parameters
might differ due to the magnetic coupling.

FEM ANALYSIS OF COUPLED COILS

According to Figure 2.14(c), greater values of k at the aligned position lead to higher
power transfer efficiency for the same coils’ quality factor. Therefore, this analysis first
considers the coils’ designs in which L; and L, correspond to the target values at k=0.35.
In Figure 2.16, these are labeled with orange numbers. In particular, the coupled coils’
configurations that satisfy %:(110.04)-0.666 are chosen since most likely to meet the
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target of %:0.666. The distance Z,¢ between the coils is chosen such that M=94.14uH.
A combination of coupled coils is considered acceptable only if the target M is met while
Zag = 100mm.

The combinations of coupled primary and secondary coils are assessed through FEM
analysis, and their resulting parameters are summarized in Table 2.9. The chosen con-
figuration is the one that has 11 as the primary coil and 7 as the secondary coil because
it has the highest k while meeting the requirements on % and Zgg.

The implementation of the chosen coupled coils is shown in Figure 2.17(a)-(d). In
Table 2.10, the coils’ parameters measured at 79kHz through an LCR meter are compared
to the ones resulting from the FEM analysis.

(a) (b) (©) (d)
Figure 2.17: The coils’ implementation for the 3.7kW EV wireless charging prototype: (a) winding of the pri-
mary coil, (b) Winding of the secondary coil, (c) ferrite layer and (d) aluminum shield defined in Figure 2.15
which is identical for both coils.

Table 2.10: Parameters of the chosen coupled coils design from the FEM analysis compared to the values re-
sulting from the laboratory implementation in Figure 2.17.

Csp(m), N(p.u.) LuH) | RQ) | Q(p.u) | MuH)

g
L 0.09, 19 E| s | 3323 | 0.744 221.6
—| & 93.75
Ly 0.15, 20 —| & | 2158 | 0.494 216.6
I
Coils in Figure 2.16/Table 2.9: ¥ o 338.0 | 0.650 258.1
. N| & 93.90
primary=11, secondary=7 = 223.7 0.440 252.4

2.4.6. LABORATORY PROTOTYPE AND EXPERIMENTAL RESULTS

The overall wireless charging system is shown in Figure 2.18 whose parameters are listed

in Table 2.11. One bidirectional DC power supply has been used as the power source,
while a second one has been employed in the current-sinking mode to emulate the EV
battery. When considering the lump resistance of the coils, the compensation capaci-
tors, and the semiconductor devices, the equivalent optimum load results in Ry, ,,;=48.78 Q2
which is acceptable since it translates into a nominal Py, ;=3.28kW < Pyyt,max=3.4kW.
Two coils’ alignments are considered of which mutual inductance is M=M,,,,x and M=M,,;,.

(1200V SiC diodes)

Inverter board:
4xC2M0040120D
X\ 1200V SiC MOSFETs)
S < LaunchPad
- TMS320F2837xD

|

Figure 2.18: Laboratory prototype of the implemented WPT1 EV wireless charging system.
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Table 2.11: Circuit parameters and components used in the proposed 3.7 kW EV wireless charging system in Figure 2.18.

Circuit parameters Component Function Units Manufacturer Name
f (Hz) 79110 Primary | Secondary MOSFETs* Inverter 4 C2M0040120D
CREE/Wolfspeed
Pgrid,max (kW) 3.7 Ly, Ly 338.0 2247 Diodes™* Rectifier 4 C4D15120D
Vin(V) [360 500] C1, Co nF) 13.45 18.53 6.8nF C1 8x4
EPCOS B32671L
VpartV) [280 400] Ry, R, (Q) 0.65 0.44 500VRMS C 11x4
Rp,opt () 48.78 [61.72  93.90] Mmax — (0,0, Zag)
M (uH)
Zag (mm) 111 [Mmin  Mmax] Misalignment [(x, y,z) mm]
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At M=M,,,4x, the DC-to-DC efficiency npc-1o-pc has been measured at different out-
put voltage and current values to characterize the overall IPT system. These values are
shown in Figure 2.19. Thereby, I,,; has been regulated by controlling V;, through the
input DC power supply. This could be performed through a boost-like PFC converter
for the operating points with I,,; = 6A since the required V;,, is in the range 360...500V.
Lower I,,; could be set by phase shifting the H-bridge inverter in Figure 2.12 to reduce
the fundamental component of V4p. According to Figure 2.19, the highest npc-to-pc can
be achieved throughout the entire V,,,; range by operating at the optimum load condi-
tion, i.e., when Ry =Ry op¢-

: ‘ ‘ 360
w8 3 0§ 8 5 2 3
> > M o
955 4 < p > 320
S o5t 1 < ]
% < 280§
2945 m ; —(B2A D>4A  AsA <] <
by m |out \d3A O 45A O55A 240;“
§ 94 m

Nel
©
n
[}

200
93 r

160

96.25 — : : ‘ ‘5 t % 500
96.2 v ¢ B < > 480
x ¥ ° <
9615 f 0 ]
S < >
L 961+ o6A . 440 S
};I“ RS 3 , E 6.5A 3:
=] = TA =
2 L N
896‘05 o Mo 75A
TR o84 400
RL_ RL,opt_
9595 ¢ Yo 4878 Q
o
95.9 L= ‘ : ‘ : : : 360
280 300 320 340 360 380 400
v (V)

out
Figure 2.19: Measured npc.to-pc at different load conditions while M=M,;4x. The output current I, has
been regulated by controlling V;,.

In Figure 2.20, the measured npc.-to-pc at both M=My,,,, and M=M,,;,, are plotted
for the CC charging profile where I,,,=8.2A. Only the CC charging mode is considered
because it takes place for most of the charging process in EV applications with the WPT1
power class. Additionally, the measured waveforms at the nominal battery voltage are
shown in Figure 2.21 for both coils’ alignments. It must be noted that the ZVS turn-on of
the H-bridge inverter is always maintained with the chosen compensation capacitance.

According to Figure 2.20, it is possible to follow the CC charging profile for the en-
tire battery voltage range by regulating V;, through the PFC stage at both coils’ align-
ments. The misalignment range can be further extended by phase-shifting the H-bridge
inverter in Figure 2.12. When the coils’ misalignment occurs, the efficiency drops up to
2.2% at the nominal battery voltage. This efficiency drop has three main causes. First,
according to (2.14), a lower V;;, is required to achieve the same output power. Conse-
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Figure 2.20: Measured npc-to-pc and supplied V;, at both M=My,4x and M=M,,;, for the CC mode of a
typical EV battery charging cycle. The total energy received by the battery would be about 26.5kWh.
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Figure 2.21: Measured circuit waveforms and DC-to-DC efficiency at: (a) M=M4x, and (b) M=M,, ;.

quently, as shown in Figure 2.21(b), there is a higher current circulating at the primary
circuit, which increases the conduction losses. Second, as described in (2.15), the opti-
mum load Ry, ,p; is directly proportional to M. This means that Ry, differs for the two
coils’ alignments: Ry p;=48.78Q for M=M 4y, and Ry op;=32.98Q M=My,;,. However,
independently of M, the equivalent resistive load Ry varies in the range 34.14...48.78 Q)
during the CC charging mode. This means that, at M=M,;,, Ry never matches Ry op;.
Due to this characteristic of Ry, op¢, the highest efficiency is reached at the minimum bat-
tery voltage when M=M,,;,. Finally, Figure 2.21 shows that the primary current is more
inductive M=M,,;;;, than in the aligned case which worsens the turn-off losses. The rea-
son for this becomes clear by analyzing the expression of the input impedance Z;, in
(2.16), which has been derived from (2.6) assuming that X; >0 and X»=0 at w = wy. Con-
sidering the variations of X; negligible, it can be noticed from (2.16) that R;,, i.e., the real
part of Z;,,, is directly dependent on M?. This means that, as M decreases due to the
coils’ misalignment, R;; would also decrease leading to a more inductive Z;,,.

\% M)?
Zi’n, = AB = R1 + (w() ) +j (u)()Ll —
I, Ry + Ry

Rin Xin=X1

) (2.16)

J

woCy
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2.5. MULTI-COMPONENT COMPENSATION NETWORKS

The one-component compensation networks discussed from Section 2.2 to Section 2.4
are the simplest resonant circuit used in IPT systems for battery charging applications.
Since the least number of components are employed, the one-component compensa-
tion networks can potentially achieve the highest peak power transfer efficiency. How-
ever, their parameters strictly depend on the LCT configuration, which limits the de-
sign freedom. Compensation networks with multiple components provide more design
flexibility and power transfer profiles which can be advantageous, especially in extreme
misalignment conditions. This section discusses the most common multi-component
compensation networks and their main characteristics.

2.5.1. LC COMPENSATION
The most immediate multi-component compensation network is the LC configuration,
a development of the one-component parallel compensation. As explained in Section
2.2.3, the primary parallel compensation requires a current source inverting stage. Sim-
ilarly, the secondary parallel compensation must be connected to a current source recti-
fying stage to be directly interfaced with a battery. As shown in Figure 2.2, those current
source topologies consist of a bulky DC inductor, and the soft-switching operation can-
not be achieved since the semiconductor devices are processing a continuous current.
With the parallel compensation, it is possible to employ the voltage source inverting
and rectifying power stages shown in Figure 2.2 by shifting the inductor from the DC-link
to the high-frequency resonant circuit as shown in Figure 2.22. This strategy converts the
one-component parallel compensation into a multi-component compensation called
LC compensation, forming the well-known LCL topology. This configuration can realize
the soft-switching operation, and it requires an inductor smaller than the DC inductor
used in the current source H-bridge inverter.

High-frequency inverter + Parallel C; VS = voltage source Parallel C;+ High-frequency rectifier

VS CS = current source CS \A
L()Il[
Y'Y Y\

+ +
K D2k X D&
D2 L, DIK D2

t a --- a
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G
NOYY D3K D4k

(© (d) )
Figure 2.22: High-frequency inverting and rectifying power conversion stages discussed in Section 2.1.1 suit-
able for a parallel compensation. (a) Current source inverter (primary P compensation); (b) voltage source in-
verter (primary LC compensation); (c) current source rectifier (secondary P compensation); (d) voltage source
rectifier L, (secondary LC compensation).

Several methods can be used to tune the LC compensation. In [24] and [25], the
power transfer resulting from the LC compensation adopted at the primary circuit has
been investigated for different values of the compensation inductance Ly;. The value of
Ly1, the load and coupling conditions influence the inverter’s current, which might be
heavily distorted due to the multiple resonant frequencies of the circuit.

Another strategy consists of splitting the parallel compensation capacitor into two
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Figure 2.23: T-type compensation network for IPT systems at: (a) the primary circuit; (b) the secondary circuit.

parallel capacitors. One capacitor is tuned according to the loosely coupled transformer
(LCT), while the other is adjusted based on the compensation inductor. This approach is
especially advantageous when the primary and the secondary compensation networks
differ from each other. Moreover, this approach gives more flexibility since the LC pa-
rameters are not strictly dependent on the LCT, and they can be customized to achieve a
certain power level, power transfer efficiency, and density. Examples of this method are
given in [26] and [4].

On the other hand, the LC compensation network can be tuned as the T-type res-
onant circuit explained in [27], which circuit schematic is shown in Figure 2.23. Fig-
ure 2.23(b) shows the equivalent circuit of a secondary LC compensation network where
the right-hand and the left-hand sides consist, for simplicity, of the pure reactance jX»
while the down-side is composed of the purely capacitive reactance —j X». According to
the method explained in Section 2.2.1, the equivalent Z, can be computed as shown in
(2.17). Considering that Z,, is purely resistive in the T-type compensation, the reflected
impedance Z, defined in Table 2.2 would also be resistive.

X2
Zy=jXo+[(—jX2)/1(j X2+ Rao)l = R—2 2.17)

ac

If the primary circuit consists of an LC compensation network, its schematic would
be the one illustrated in Figure 2.23(a). In that case, the input impedance Z;,, is

. . . Xt X3z,
Zin = j X0+ 1JXD (X0 + Zp)] = Z, " ol (2.18)

According to (2.18), Z;,, is purely resistive if Z is resistive which, from (2.17), is the case
of the secondary T-type LC compensation. This characteristic eases the tuning of the
T-type compensation network, which parameters result in

! Li=Lp, Ci=—
woLC; PTRf T

Xl' = a)oL,- = u)oLfi = Q= [1, 2] (2.19)

ngi B wSLfi

The configuration of the T-type compensation has been used in [28]-[30]. The main
advantages of the double-sided LC (DLC) compensation are the adoption of the voltage
source inverter shown in Figure 2.22(b), resulting in the ZVS turn-on capability and the
load-independent current source output. Moreover, the output current is directly pro-
portional to the coupled coils’ mutual inductance M, which is not the case in the one-
component compensation network as shown in Figure 2.8. This makes the DLC circuit
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Figure 2.24: Double-sided LCC compensation defined from the T-type compensation network in Figure 2.23.

inherently safe against misalignment. However, this also means that the nominal output
power might not be delivered in the presence of misalignment. One limitation of the
DLC s that, according to (2.19), the parameters of the DLC are still strictly dependent on
the LCT, similar to the one-component compensation networks. This means that there
is no flexibility in the parameters’ selection of the DLC. Moreover, the size of the com-
pensation inductor might be relatively large since its inductance must be equal to the
coupled coil’s inductance.

2.5.2. LCC COMPENSATION

The LCC compensation network is a T-type resonant circuit in which, compared to the
LC compensation, an extra capacitor is connected in series to the coupled coil [8]. The
circuit schematic of the double-sided LCC (DLCC) compensation is shown in Figure 2.24.
The DLCC tuning is defined in (2.20). The DLCC compensation has two main advantages
compared to the DLC discussed in Section 2.5.1. First, the needed compensation induc-
tance is lower than the coils’ inductance which translates into a smaller inductor size.
Potentially, this reduces the inductor’s cost, weight, and space. Moreover, by selecting
the value of the compensation inductances, the nominal output power can be chosen
without modifying the LCT.

1 1 1 1
X; =woL; 0C; =woly; = 00Cr — Cy; = a)SLfl-, Ci= w%([,i iy ci=1[1,2]
(2.20)
Similarly to the DLC, the DLCC has a load-independent output current directly pro-
portional to the coils’ mutual inductance M. This makes the DLCC compensation net-
work inherently safe against misalignment, and for this reason, the DLCC is generally
adopted in dynamic EV wireless charging applications. A detailed analysis of the DLCC
can be found in Appendix B, where the distortion of i 45 is analyzed resulting from the
multiple resonance frequencies present in the multi-component compensation networks.

The LCC compensation has also been used in the configuration of LCC-S and S-LCC,

in which the output has a load-independent voltage source behavior.

2.5.3. OTHER MULTI-COMPONENT COMPENSATIONS

Besides the LC and the LCC compensations, other multi-component compensation net-
works have been proposed in the literature to solve the limitations of the one-component
compensations. Some examples are summarized in the following paragraphs.

In [16] and [31], the S-SP compensation is proposed, which has a load-independent
output voltage less sensitive than the one of the S-P compensation to the LCT parameters
variation, including k. The tuning method adopted for the S-SP compensation is based
on the T-model of the LCT shown in Figure 2.4(b): the series capacitors compensate




56 2. FRAMEWORK FOR THE DESIGN OF IPT SYSTEMS

for the leakage inductances while the parallel secondary capacitor compensates for the
mutual inductance. As a result, this approach can result in severe current distortion at
both the primary and the secondary circuits, which is analyzed in detail to predict the
actual behavior of the S-SP.

In [32], the SP-S compensation has been used such that the power transferred is less
dependent on the misalignment. Different behaviors can be achieved by defining a tun-
ing ratio between the primary compensation capacitors. The drawback of this compen-
sation is that it requires an input power supply with a current source characteristic.

2.6. HYBRID COMPENSATION NETWORKS COMBINING THE S-

S AND THE DLCC FOR A CONSTANT OUTPUT POWER
In EV wireless charging systems, the delivered output power is highly dependent on the
mutual inductance between the two main coils. Since the relative position between the
coils is not fixed, the power flow must be controlled to ensure a constant output power
level at the different coupling conditions. This becomes especially challenging in dy-
namic wireless charging applications because the control must be prompt enough to
react to the fast rate of change of the mutual inductance.

This section evaluates a strategy that takes advantage of the characteristics of the S-
S and the DLCC compensations to realize the self-balancing of the output power over
the misalignment. This is possible since both compensations have a load-independent
output current which, in the S-S compensation, is inversely proportional to M while in
the DLCC, the output current is directly proportional to M. It is interesting to verify
if these opposite trends can be used to stabilize the power flow over the misalignment
without requiring active control of the power converters or communication systems.

A similar approach has been investigated in [33]-[37]. These circuits were first de-
fined by [33] with the name of hybrid compensation networks. Multicoil pads are used
in these hybrid compensations since two compensation networks are employed. Specif-
ically, [33] and [34] use a parallel connection between the S-S and the DLCC. This con-
figuration can become critical at a certain level of misalignment since the current in the
S-S compensation increases exponentially with the misalignment. To solve that issue,
[35] proposed a series-connected hybrid compensation limiting the current rise of the
S-S over the misalignment passively. Moreover, [36] summarized the characteristics of
the hybrid topologies while giving an example of the hybrid topology consisting of the
LCC-S and the S-LCC compensations, which have a load-independent output voltage
characteristic. On the other hand, [37] proposed a double-sided CLLLC topology. Al-
ternatively, [38] and [39] propose a dual-frequency hybrid compensation in which, op-
positely to the previous examples, only one set of coupled coils with one compensation
network is used. This IPT system is designed to result in two different equivalent circuits
at two distinct operating frequencies: the fundamental frequency and the third-order
harmonic frequency. At the fundamental frequency, the equivalent circuit resembles the
S-S compensation. At the third-order harmonic frequency, the equivalent circuit in [38]
resembles the LC-LC compensation, while the one in [39] resembles the LCC-S com-
pensation. However, this method is hardly applicable to EV wireless charging, given the
narrow operating frequency allowed by SAE J2954.
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2.6.1. CONCEPT
From (2.14), it can be found that the output power P,,; delivered to the battery by an
IPT system using the S-S compensation network is inversely proportional to the mutual
inductance between the two coils M:
8 VinVour
Pour=———— 2.21
out ”2 (,L)OM ( )

This means that, for the same values of V;,, and V,,;, Poy: increases when the coils be-
come more misaligned.

On the other hand, based on [8], the delivered P,,; to the battery by an IPT system
using the DLCC compensation network is directly proportional to M:

8 MVinVour

— 2.22
2 woLf1Lgo ( )

Poyr =

According to (2.21) and (2.22), P, transferred from the S-S and the DLCC compen-
sations has an opposite dependence of M. From this consideration, it could be possible
to balance the received P,,,; against the coils’ misalignment by combining the two com-
pensation networks in the same IPT system.

2.6.2. PROPOSED IMPLEMENTATION
A possible configuration is shown in the circuit schematic of Figure 2.25.
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Figure 2.25: Circuit schematic of the proposed EV wireless charging system combining the S-S and the DLCC
compensation networks to realize self-balancing of the output power over the misalignment.

L

Iy @

The same inverter powers the two compensation networks. For instance, their in-
put terminals are connected in parallel. On the other hand, the output terminals of the
two compensation networks are not connected in parallel because their output currents
have opposite phase angles and would cancel out each other. Therefore, one dedicated
rectifying stage is needed for each compensation network. Then, their DC outputs are
connected in parallel to add up the two currents. The resulting terminals are connected
to the battery load modeled as a voltage source.

According to Figure 2.25, the proposed circuit consists of four coils, of which two
are placed at the primary circuit and the other two at the secondary circuit. Figure 2.26
shows two possible magnetic arrangements. Figure 2.26(a) illustrates two coupled bipo-
lar pads (BPPs), each of them consisting of two partially overlapped rectangular coils.
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This coils’ configuration for the hybrid compensation network has been used in [33].
Figure 2.26(b) shows two coupled DDQ pads, each of them consisting of a DD coil over-
lapped in the center with a rectangular, also called quadrature (Q) coil. This configura-
tion has been used in [34], [36], [37]. In Figure 2.26, the coils within each pad are over-
lapped to ensure they are mutually decoupled. Furthermore, [35] uses two coupled DD
pads.
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Figure 2.26: Possible coils’ arrangements for the proposed circuit in Figure 2.25. (a) Coupled bipolar pads; (b)
coupled DDQ pads, based on Figure 1.5.

2.6.3. CIRCUIT SIMULATIONS

As a preliminary proof of concept, circuit simulations of the schematic in Figure 2.25
have been executed. This analysis assumes that there is no cross-coupling between op-
posite coils. Additionally, the simulations corresponding to the two values of M have
been performed separately to evaluate the two steady-state operating conditions.

In the simulations, the parameters of the coils have been chosen based on the 22kW
rectangular coils of [40], which parameters are summarized in Table 2.12. The target Py,
to the battery load is 22 kW, and the IPT system has been tuned such that each of the two
compensation networks contributes to delivering a part of P,,;. Specifically, at k=k;, 4,
the S-S compensation network delivers about 9kW, and the double-sided LCC delivers
13kW. The DC voltages V;;,, V,,: have been selected such that the S-S compensation
operates at the optimum load condition for k=k;; 4.

Table 2.12: Circuit parameters used to simulate the IPT system in Figure 2.25.

fsw kmax | Cinour L3 Loy G C Lys Lya
85kHz 0.182 250puF 344.8puH | 212.8uH 10.2nF 16.5nF | 39.3uH | 41.4pH

Vi Vout Rs Ri3 Ra4 G Cy Crs Cra
538V 566V 1Q 0.17Q 0.23Q 11.5nF | 20.5nF 0.5nF 0.5nF

The circuit in Figure 2.25 has been simulated at the maximum coupling condition
k=kp4,=0.182 and at k:%:o.om, which operating waveforms are shown in Figure
2.27(a) and Figure 2.27(b), respectively. In the two operating points, the switching fre-
quency fsw, Vip, and Vy,, are kept fixed at the values specified in Table 2.12. It is possible
to notice that the output power stays nearly constant when k is decreased. This response
can be optimized further by re-tuning the circuit parameters. According to the current
waveforms I;, and I, 4, the double-sided LCC would carry most of the power at k=k;, 4
as expected from the initial design. On the other hand, when the coils are misaligned,
the current output from the double-sided LCC drops, and the S-S compensation will
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Figure 2.27: Circuit simulations using the parameters in Table 2.12. (a)-(b) Waveforms from the proposed
circuit in Figure 2.25, simulated at: (a) k=0.182, (b) k=0.091. (c)-(d) Waveforms from the DLCC compensation,
simulated at: (c) k=0.182, (d) k=0.091. (e)-(f) Waveforms from the S-S compensation, simulated at: (e) k=0.182,
(f) k=0.091. Each system keeps the same fs;, Vi, and V¢ over the changes in k.

process most of the power. This is the expected behavior from (2.21) and (2.22). These
simulations prove that the proposed circuit can achieve the self-balancing of P,,; over
different coupling conditions.

It is interesting to compare these results with those that would be achieved by op-
erating just a single set of coupled coils L; and Ly, compensated by either the DLCC or
the S-S network. In both cases, the system would be tuned to deliver 22kW to the bat-
tery load at k=k;,4x. The simulations of the DLCC use the same V;,, and V,,; as in Table
2.12. On the other hand, for the S-S compensation network, V;,=841V and V,,,;=860V
have been selected such that the operation at k=kj,4x and P,,;=22kW matches the op-
timum load condition. For k=k;, 4 and k= k”é‘”‘, the operating waveforms of the DLCC
compensation are shown in Figure 2.27(c)-(d), while the ones of the S-S compensation
are shown in Figure 2.27(e)-(f). As expected from (2.21) and (2.22), it is possible to no-
tice that, in the presence of coil’s misalignment and with no changes in V;,, or fsu, Pou:
increases dramatically when the S-S compensation is used which might not be safe for
the IPT system. This could be mitigated by controlling either V;, or f;,,. However, the
size of the DC input capacitor might be too large to ensure that V;, varies fast enough
for some dynamic EV charging systems. Besides, it might be possible to lower P,,; by
increasing fs,, such that more reactive power is circulating in the circuit. Nevertheless,
this strategy has limited potential due to the narrow operating frequency band allowed
for EV wireless charging (79-90kHz). On the other hand, the system is inherently safe
with the DLCC compensation since P,,; drops with the coils’ misalignment. However,
in this case, the demand of P,,; cannot be met, leading to longer charging times.

Finally, the features of the proposed circuit in Figure 2.25 for the self-balancing of the
output power in EV wireless charging systems are summarized in Table 2.13.

Table 2.13: Advantages and disadvantages of the proposed system in Figure 2.25.

Advantages Disadvantages
Self-balancing of P,y over changes of k Need of two rectifying stages
Simplification of the control strategy Need for multicoil pads
No need for communication Need for two compensation networks
Double sided-LCC do not require the full-power rating | Cross-coupling at some coils’ alignments
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2.7. CONCLUSION

Compensation networks are fundamental parts of an IPT system. Together with the
loosely coupled transformer (LCT), these form a resonant circuit with a specific power
transfer behavior over the misalignment, components’ voltage and current stress, and
power transfer efficiency. Additionally, the chosen compensation network influences the
selection of the high-frequency inverting and rectifying power stages. Therefore, it is es-
sential to model and analyze the most common compensation networks to understand
their features and, ultimately, to design a suitable IPT system for a specific application.

Section 2.1 explains the differences between the voltage source and the current source
high-frequency inverting and rectifying converters. The voltage source topologies are
preferable since they have soft-switching capability and they can allow a bidirectional
power transfer. Additionally, it has been found that in IPT systems, it is more suitable to
model the LCT with the mutual inductance M-model in Figure 2.4(a), meaning that the
compensation networks are tuned based on the self-inductances of the LCT. In the M-
model, the influence of the coils’ coupling is represented as a current-controlled voltage
source.

The compensation networks employing only one component, being a capacitor, have
been analyzed in Section 2.2. As shown in Figure 2.8, the output of the one-component
compensation networks has either a load-independent voltage or current output, which
is inversely dependent on the magnetic coupling. A design guideline on the coil’s qual-
ity factor has been proposed in Section 2.3 that ensures that the optimum load condi-
tion and the bifurcation-free operation are achieved at the target output power. Among
the one-component compensation networks, the series-series (S-S) compensation is the
most suitable for EV wireless charging since the tuning of the compensation capacitors is
dependent on neither the load nor the magnetic coupling. Moreover, the S-S compensa-
tion requires a voltage source H-bridge inverter, which means that the ZVS turn-on can
be achieved. The S-S compensation also allows the direct connection to a battery load
since it has a load-independent output current, which is particularly important in EV
wireless charging. Even though the S-S is commonly used in the literature, the choice of
the IPT system’s parameters is not obvious. Given a resonant frequency, infinite combi-
nations of inductance and capacitance resonate at that frequency. Section 2.4 proposes
a generalized method to choose the parameters of an IPT system with S-S compensation.
The first parameter to be selected is the target mutual inductance of the LCT, which can
be computed from the given conditions, such as the DC input and output voltage, the
nominal output power, and the resonant frequency. For selecting the resonant circuit
parameters, the design condition defined in Section 2.3 is used while ensuring that the
optimum load condition coincides with the equivalent resistive load. However, the spe-
cific values depend on the LCT’s physical configuration: the planar coils’ area, structure,
and distance between them. Based on those, the coils’ quality and the coupling factors
can be found, resulting in the values of the self-inductance and the series compensation.

Multiple passive components can be used in the compensation networks. The most
common arrangements of the multi-component compensation networks are discussed
in Section 2.5. For example, the LC compensation is a development of the one-component
parallel compensation, in which the inductor has been shifted from the DC link to the
resonant circuit. This compensation results in the well-known LCL resonant circuit.
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The main benefit is the possibility of adopting a voltage source power conversion stage,
which is not the case with parallel compensation. In the case of the double-sided LC
(DLC) compensation, the output current is load-independent and directly proportional
to the mutual inductance. This means that the DLC compensation is safe with respect
to the misalignment, which is not the case with the S-S compensation. However, the
tuning of the LC compensation based on the T-type circuit in Figure 2.23 still depends
on the parameters of the LCT, where the compensation inductor has to be equal to the
self-inductance of the coupled coil. To overcome these issues, the double-sided LCC
(DLCC) compensation is commonly employed in which an extra capacitor is connected
in series with the coupled coils. The parameters’ tuning of the DLCC is still based on
the T-type circuit in Figure 2.23. Similarly to the DLC, the DLCC compensation has a
load-independent output current which is directly proportional to the mutual induc-
tance. However, in the case of the DLCC, the compensation inductance is smaller than
the LCT'’s self-inductance, and the amount of the nominal transferred output power de-
pends on the values of the compensation inductors, which means that it is not limited
by the LCT.

All in all, the S-S and the DLCC are the most common compensation networks used
in EV wireless charging applications. Both compensations can be directly powered by
a voltage source H-bridge inverter with soft-switching capability, and they have a load-
independent output current. Since the S-S compensation employs the least number of
components, it can potentially reach the highest power transfer efficiency. However, its
output current is inversely dependent on the coils’ mutual inductance, which might be
unsafe for the IPT system, especially in applications in which the mutual inductance
changes in a large range, e.g., in dynamic EV wireless charging. Moreover, its power
transfer characteristic is directly dependent on the LCT based on the relationship de-
scribed by (2.14). This means that, given the input constraints of the IPT system, it might
not be possible to deliver the target output power. This is likely the case when the LCT
has not been appositely designed, resulting in a nominal mutual inductance far from
the target computed in (2.14). Even though the DLCC compensation can theoretically
reach lower power transfer efficiencies, its power transfer capability is not limited by the
LCT, and the nominal output power delivered by the IPT system can be advantageously
selected by tuning the compensation inductances. Moreover, the load-independent out-
put current in the DLCC compensation is directly dependent on the coils’ mutual induc-
tance resulting in an intrinsically safe IPT system over the misalignment. For this reason,
it is convenient to employ the DLCC compensation in applications where the coils’ mu-
tual inductance varies in a large range, simplifying the circuit protections.

Finally, the concept of hybrid compensation networks has been preliminary inves-
tigated and proved through circuit simulations in Section 2.6. These employ both the
S-S and DLCC compensations taking advantage of the fact that their load-independent
output current has opposite dependence with respect to the coils’ mutual inductance.
Therefore, the hybrid compensation networks constitute IPT systems with a self-balancing
output power over the coils’ misalignment.
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CONSTANT OPTIMUM LOAD
CHARGING STRATEGY THROUGH
VARIABLE COMPENSATION

Wireless charging must be highly efficient throughout the entire battery charging profile to
compete in the electric vehicle (EV) industry. Thus, optimum load matching is commonly
used: it operates at the equivalent load that maximizes the efficiency, which depends on
the coil’s alignment. In this chapter, the optimum load condition is made independent
of the coils’ position by changing the system’s resonant frequency through switch-control
capacitors (SCCs). This eliminates the need for load-side voltage control. The output cur-
rent follows the battery voltage rise during the battery charging cycle always to match the
optimum load, which can be achieved by regulating the input voltage via the power factor
correction converter. This method is called here constant optimum load (COL). Two SCC
topologies have been implemented in a 3.7kW hardware demonstrator. The one imple-
menting the half-wave modulation achieves higher efficiency than the one employing full-
wave modulation, with 96.30% at 3.2kW and aligned coils. When misalignment occurs,
the half-wave modulation technique results in higher efficiency than the conventional-
fixed compensation, where the efficiency is lower by up to 0.68% at partial load. Moreover,
the SCCs’ impact on the measured coils’ current distortion has been analyzed up to 30MHz
by computing the fast Fourier transform (FFT) compared to the distortion resulting from

This chapter is based on:

- E Grazian, T. B. Soeiro, P. Bauer, “Inductive Power Transfer based on Variable Compensation Capaci-
tance to Achieve an EV Charging Profile with Constant Optimum Load”, in IEEE Journal of Emerging
and Selected Topics in Power Electronics, vol. 11, no. 1, pp. 1230-1244, Feb. 2023.

- E Grazian, T. B. Soeiro, P. Bauer, “Coils’ Current Distortion Due to Variable Series Compensation Capac-
itance in EV Wireless Charging for a Constant Optimum Load”, 2022 Wireless Power Week (WPW), pp.
54-59.
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the conventional series-series compensation with fixed capacitance. The SCCs using the
half-wave modulation result in the highest total-lumped distortion. However, the indi-
vidual amplitudes corresponding to the critical frequencies of the radiated magnetic field’s
limit from SAE J2954 are comparable to or lower than those resulting from the other im-
plementations. Finally, the radiated magnetic field resulting from each strategy has been
evaluated using the finite element method. All results are well within the SAE J2954 rec-
ommended limits at 10 m. Moreover, a minimum distance of 25 cm from the outer sides
of the coupled coils ensures safe exposure to both the general public and implanted med-
ical devices according to the ICNIRP reference levels. Based on these results, the proposed
COL method is proved suitable for 3.7kW EV-static wireless charging achieving one of the
highest peak efficiencies listed in today’s literature for the same power class.

3.1. INTRODUCTION

3.1.1. OPTIMUM LOAD IMPEDANCE MATCHING

During the charging process, it is fundamental to maximize the power transfer efficiency
while the control strategy follows the conventional EV battery charging profile consisting
of the constant current (CC) and the constant voltage (CV) modes. As explained in Sec-
tion 2.2.2, the maximum efficiency can be achieved by operating at the optimum load
condition. This means that the equivalent resistive load R, must satisfy Rac=Rac, op:
where R op is the equivalent optimum load. According to Table 2.5, the value of Ruc,opt
is directly proportional to the coils’ coupling factor k. This means that, when the coils’
position varies, the condition Ry¢ 0p¢ would also change. Furthermore, during the CC
and CV battery charging modes, the equivalent resistive load R, varies continuously,
meaning that the condition R,c=Rg4c¢,0p: Would be met only in one operating point.

Input voltage control: Output voltage control:
Deliver of the target output power Optimum load matching
230V Sl 79...90kHz AC il
50Hz AC (- w N z f ) 400V DC
= Tl IPT coils & I (nominal)
Grid connection resonant circuit

1-phase Power conversion

& . —
(L-N) Power conversion DXQ & T Vbau
LV grid Power Factor + + Battery connection

Correction

v \_/
Boost-like PFC: — F —
. ull-wave
360..500vDC | DE/DC T Hebridge diode . DE/MC
converter ~ " inverter : o converter
| — | rectifier ——
or or
Wireless + H-bridge Full-wave + Wireless
communication V.. active  V,, communication
inverter . _
= rectifier
\ J \
Ground Assembly Vehicle Assembly
(transmitting primary circuit) (receiving secondary circuit)

Figure 3.1: Measured peak DC-to-DC efficiency npc-to-pc 0f this work compared to the available literature
with the same J2954-based EV charger power class (WPT1=3.7kVA maximum input [1]).
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The optimum load impedance matching defined in [2] and [3] has been widely adopted
to control the power flow [4]-[12]. This strategy sets the operation at the equivalent op-
timum load while delivering the target output power set by the battery charging pro-
file. This control strategy of the power flow is achieved by regulating both the input and
the output voltages of the IPT system. The voltage regulation might have different im-
plementations, as qualitatively shown in Figure 3.1. The condition RaczRuc,opt:% %
must be valid for a certain amount of process power Py, ;=Vyu: - Iou:- When considering
IPT systems using the S-S compensation, the output voltage control gives controllability
on V,,;. In contrast, the input voltage control is used to regulate I, since Iy, x Vi,

(see (3.7)). In this way, the conditions on R, and P,,; can be met simultaneously.

The output voltage control in [5], [7]-[9] is implemented through a post-regulating
DC/DC converter. For what concerns the input voltage control, [4] and [9] use a boost-
type power factor correction (PFC) rectifier while [5] and [8] use an additional DC/DC
converter. Undoubtedly, those auxiliary power converter stages introduce extra losses
that would worsen the system’s overall efficiency in some operating ranges. Since the
battery voltage increases during one charging cycle, the voltage regulation at both the
input and output must always be active. Consequently, the losses introduced by these
converters are not negligible when accounting for the entire charging process. On the
other hand, [6] performs the optimum load matching through the phase-shift modula-
tion of both the high-frequency H-bridge inverter and rectifier. However, the switching
losses become considerable in some operating conditions. To achieve the zero voltage
switching (ZVS) in the whole operating range, [11] uses the asymmetrical phase-shift
modulation for both H-bridge converters. Moreover, the circulating reactive power is
minimized by utilizing switch-controlled capacitors (SCCs) as compensation. A flat ef-
ficiency is achieved for a wide output power range, but the resulting efficiency is not
shown when the coil misalignment occurs. Additionally, [12] uses a semi-active rectifier
to match the optimum load as the load varies. At the same time, the amount of reactive
power is controlled by employing an SCC as secondary compensation. Thereby, the in-
put voltage is not controlled since minor variations of the coupling factor are considered.

3.1.2. VARIABLE COMPENSATION

The SCC was first introduced by [13] to regulate resonant converters instead of varying
the switching frequency. Setting the duty cycle of the SCC’s switch makes it possible
to change the capacitance in a continuous range. Considering the elevated switching
frequencies of IPT systems, the switches of the SCCs consist of semiconductor devices.
Besidesin [11] and [12], SCCs have been used in other IPT systems. For instance, they
have been utilized to match the resonant frequency with the selected constant operating
frequency as the self-inductance of the coils changes in the presence of misalignment
[14]-[18]. Additionally, SCCs have been employed as part of IPT systems with high-order
compensation networks (such as LCC-LCC and LCC-S) to control the output power [19]—
[21]. However, all these works consider relatively low power levels (< 500W). Therefore,
the SCC applicability to IPT systems with power levels typical of EV charging has not
been proven yet. This might be critical, especially due to the high voltage stress that
characterizes the compensation capacitors, translating into the high required blocking
voltage from the SCC semiconductors. The requirement for relatively high blocking volt-
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age semiconductors is critical for two reasons. First, the typical static losses are larger
than in the lower voltage classes [22], and possibly the supply chain is limited for higher
blocking voltages, e.g., > 1200V.

Another possible implementation that can vary the IPT system’s compensation con-
tinuously employs saturable reactors [23]-[26]. An auxiliary winding is wound around
the core, which carries a DC current that can partially saturate the core. This changes
the relative permeability of the magnetic material and, consequently, the equivalent
compensation inductance. However, the sensitivity of the core’s magnetic permeabil-
ity complicates this implementation.

The compensation capacitance can also be changed in steps, assuming only specific
discrete values. For example, in [27]-[29], the capacitance value is varied between two
values with AC switches that can assume either the on-state or the off-state to achieve
the CC and CV charging modes. Additionally, [30] uses an M x N capacitor matrix to
achieve energy encryption when charging multiple EVs. The capacitor matrix consists of
relays, and the resonant state can be matched when the operating frequency is adjusted.

3.1.3. SCOPE AND CONTRIBUTIONS

This chapter explains and proves experimentally an efficiency enhancement strategy for
EV wireless charging, which consists of making the optimum load invariant of the coils’
alignments as preliminary explained in [31]. Hereby, this method is named constant
optimum load (COL) charging, which substitutes the conventional CC mode. As shown
in the circuit schematic of Figure 3.2(c), the COL charging strategy relies on the input
voltage control and employs a series-connected SCC to compensate both the primary
and secondary coils.

The main contributions are:

- proof that the proposed COL charging method can be achieved through SCCs and
the PFC rectifier for a range of magnetic coupling and battery voltage which is
typical or static EV wireless charging while respecting the standardized operating
frequency range 79-90kHz;

- detailed analytical modeling, implementation, and comparison in terms of effi-
ciency of two different SCCs for EV wireless charging, where one implements the
full-wave modulation and the other uses the half-wave modulation;

- benchmark of the proposed COL charging with SCCs against the conventional
constant current (CC) mode with fixed compensation capacitors where the pri-
mary coil current distortion is also analyzed;

- analysis of the coils’ current distortion resulting from adopting SCCs with the full-
wave modulation and the half-wave modulation, which has been compared to the
one resulting from fixed series-connected compensation capacitors.

3.1.4. OUTLINE

The analytical modeling and the overall process of the proposed COL method are ex-
plained in Section 3.2, while the implementation is discussed in Section 3.3, resulting in
the design of a 3.7kW laboratory prototype. The experimental results are illustrated and
discussed in Section 3.4. Section 3.5 analyzes the measured current distortion resulting
from using SCCs. The radiated magnetic field is preliminary evaluated in Section 3.6
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through the FEM analysis. Finally, the main conclusions on the proposed COL charging
method related to its performance are drawn in Section 3.7.

3.2. CONCEPT OF THE PROPOSED COL CHARGING STRATEGY
This section discusses the analytical modeling of the circuit in Figure 3.2, and it ex-
plains the proposed COL charging method compared with the conventional optimum
load matching through voltage control.
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Figure 3.2: Equivalent circuits of the S-S compensation network. Simplified high-frequency circuits based on:
(a) the realistic IPT system; (b) the equivalent circuit where M is modeled as a current-controlled voltage source
and the load is depicted as the equivalent first-harmonic resistance Rg¢. (c) Implementation of the proposed
constant optimum load (COL) charging method, which concept is shown in Figure 3.5.

3.2.1. ANALYTICAL CIRCUIT MODELING

The equivalent circuit of an EV wireless charging system that uses the S-S compensation
network is shown in Figure 3.2. Thereby, L, is the primary coil self-inductance, and L, is
the coil secondary self-inductance of which the magnetic coupling k= \/z\sz depends on
the coils’ mutual inductance M. Moreover, C; and C, are the S-S network’s compensa-
tion capacitances, and R; and R, are the lumped series resistances modeling the losses of
the primary and the secondary circuits’ components. The currents flowing through the
primary and secondary circuits are I 4 g=I, and I,;=1I,, respectively. To match a more
realistic configuration of an IPT system, Figure 3.2(a) represents both the input supply
V,p and the output load V,, as square-wave voltage sources. On the other hand, Figure
3.2(b) shows a further simplified equivalent circuit based on the M-model explained in
Section 2.1.2. This is useful to verify the circuit’s performance in a single static operating
point in which all voltages and currents are assumed to be sinusoidal waveforms with
the fundamental frequency of V5. In this case, the influence of M is represented as
current-controlled voltage sources, and the load is depicted as the equivalent resistance
Rg4c. It must be pointed out that M and R, are likely to vary in IPT systems because the
coils’ position is not fixed, and the voltage of lithium-ion batteries changes during the
charging process as the battery’s state-of-charge (SoC) varies.
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For a given operation, the voltages and currents of the circuit in Figure 3.2(b) can be
found from the Kirchhoff voltage law in (3.1) where V4 g is taken as reference such that,
according to the phasor convention, V4 B=VABE- According to [32], VAB and R, are
defined in (3.2) and (3.3) based on the fundamental component of V4 g, V3 and L.
Furthermore, the primary and secondary impedances Z, and Z, are defined in (3.4).

Vap=2Z,1, + joMI, B.1)
0=(Z5+Ru) I+ joMI, '
N 4
Vap==Vin (3.2)
T
Vab 8
RIZC = r ~ ?RL (33)
. 1
Z1=R1+](,()X1, Xl:le__C
“'11 (3.4)
Zy=Ro+ jwXs, Xo=wLly— —
2=Ry+ jwX 2=wly wC,

One of the main challenges in IPT systems used in charging applications is to achieve
a highly efficient power transfer at different coupling and load conditions. The power
transfer efficiency 1,4, can be computed from (3.1) resulting in (3.5). The latter is maxi-
mized when R, is equal to the optimum load R,,op in (3.6).

Rac(wM)>?
noe= Racllabl” _ |(Rac+ Z) 21+ (M)’ (3.5)
“” VagRellop] Re Zo+ Rac ] )
(Rac+ 22) 20 + (wM)?
Recope = Ray| M 1 < My 2
ac,opt = 12 RoRy + = wo R_l (3.6)
—_— —_—
ﬁ (Mac) lw=wq =0 d R 112+R215 0

dR, 7 ) lw=wg =
ac’ Racl2,

Moreover, if (woM)? > R,R; is valid, Rac,op: corresponds to the equivalent load that
minimizes the sum of the primary and secondary circuits’ conduction losses with re-
spect to the output power defined in [4]. When R; and R; are the lump equivalent series
resistances modeling the losses of the whole circuit (semiconductors, compensation ca-
pacitor, and coil), Ra¢,0p: maximizes the efficiency of the entire system. The respective
Ry, 0pt is found by substituting (3.6) into (3.3).

According to (3.6), Rac,op: is directly proportional to the coils’ mutual inductance
M. This means that, when the coils’ position varies, the condition Ry 0p¢ would also
change. Furthermore, during the CC and CV battery charging modes, the equivalent
resistive load R, varies continuously, meaning that the condition Rgc=Rgc,0p: would be
met only in one operating point. These concerns can be noticed in the battery charging
profile shown in Figure 3.3(a), which is based on one measured charging cycle of a Nissan
Leaf’s battery [33]. Therefore, a control strategy must be adopted to match the optimum
load at different coupling and load conditions.
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Figure 3.3: Battery charging profile that uses: (a) the traditional CC method; (b) the proposed COL method.
This example is based on one measured charging cycle of a Nissan Leaf’s battery [33]. Top plots: battery voltage
Vparr and current I, ,. Bottom plots: the battery state of charge or SoC, the equivalent load resistance Ry,
and the optimum load Ry, op at both the minimum M, and maximum M;,4x mutual inductance values.

3.2.2. TRADITIONAL OPTIMUM LOAD IMPEDANCE MATCHING THROUGH VOLT-

AGE CONTROL

As explained in Section 3.1.1, the traditional optimum load matching strategy is based
on controlling both the input and output voltages. Figure 3.4 shows examples of V;,, and
Vour ranges required to achieve optimum load matching during the CC charging mode
in Figure 3.3(a) for different M values. The power classes defined by SAE J2954 have been
chosen where the specified power level is the maximum allowed from the AC grid con-
nection. Among these, 22kW is currently under consideration [1]. The power classes
in Figure 3.4(a) uses the one-phase (1-¢) connection to the European low-voltage 50 Hz
grid, while a 3-¢ grid connection is considered for the power classes in Figure 3.4(b).
This choice is due of the fact that households in Europe have limited access to grid con-
nections with more than 16 A for each 230V phase. This analysis assumes that Z,=Z,=0
when operating at w=wy, and M is computed from (3.7).

2 . 8 V;
Tour = —Igp = N
T

w2 woM

3.7

Figure 3.4 shows that, in all power classes, the input and output voltages must be
continuously controlled to achieve the optimum load matching at different M while fol-
lowing the CC charging mode.

3.2.3. DEFINITION OF THE COL CHARGING METHOD

Instead of varying Ry to always match the M-dependent Ry o, the proposed COL method
consists of keeping the value of R; o, constant over different M by varying the system’s
resonant frequency fozg’—; as qualitatively shown in Figure 3.5. This strategy defines the
constant optimum load operation. According to (3.6), this is possible since Ry op is di-
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Figure 3.4: Required DC voltages V;; and V¢ from the CC charging and the proposed COL charging methods
depending on M for a complete charging cycle of a 400V EV battery. Example for the power levels of: (a)
3.7kW (Ipg¢=7A, tcy=8.1h) and 7.7kW (I 54,=17A, tcy=3.4h); (b) 1L.1KW (I,5,;=25A, tcy=2.3 h) and 22kW
(Ipare=50A, tcy=1.2 h). The values of Ij,,;, and fcy are defined based on the charging profile in Figure 3.3(a).
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Figure 3.5: Qualitative representation of the proposed COL method over different coils’ alignments: the reso-
nant frequency fp is varied to keep the optimum load Ry, o fixed over different coils’ mutual inductance M.
The frequency range from fp ;5 t0 fo,max must be within the standardized range 79-90kHz established for
the switching frequency of the IPT inverter bridge.

rectly proportional to both M and wy. Figure 3.3(b) shows the proposed battery charging
profile. For most of the charging cycle and for the whole range of M=[M,;, Max], Rr
is equal to Ry, op¢ which ensures maximum power transfer efficiency. The proposed COL
charging only requires input voltage control, as shown in Figure 3.4. The main advantage
is that there is no need for voltage control at the secondary circuit to satisfy R =Ry op;-
This can eliminate one power conversion stage, consequently allowing power loss reduc-
tion. It must be noted that standards for static EV wireless charging applications [1] and
[34] constrain the range of the H-bridge inverter operating frequency between 79kHz
and 90kHz limiting the M range covered by the COL implementation as considered in
Figure 3.4. However, the following sections will show that the proposed COL concept
can be well exploited in the frequency range established by these standards within the
charging cycle and misalignment range typical of commercial EVs.

3.2.4. DETAILED COL CHARGING PROCESS
The circuit of the proposed COL method is shown in Figure 3.2(c). The process is sum-
marized in the flowchart of Figure 3.6.



3.2. CONCEPT OF THE PROPOSED COL CHARGING STRATEGY 77

( L, is detected over Ly )
Y

Established wireless communication be-
tween the primary and secondary circuit
[ Measurement of M and Vjy1 g, ]

ot e
S : P
%:[ Computation of fy, C1, C2: R opr=constant }7 H
207 :
EE ; o
[T . , \"()1//,/“ B
g Computation of V;;, ;, from (3.2): Rp=Rpopr |«—
o H
cE ¥ :
é : [ Start of the power transfer J :
8 ............ L .....................

COL mode: monitoring of Ry and reg-
ulation (step up) of Viu: RL=R[ opr
¥

Is the battery SoC> 80%?

down) of V;,, to reduce Ip,;¢;

[ CV mode: regulation (step }
¥

Is the battery fully charged?

( End of the power transfer )

Figure 3.6: Flowchart of the charging process proposed in Section 3.2.4.

BEFORE THE START OF THE POWER TRANSFER

The process starts with the measurement of the coils’ mutual inductance M explained
in Section 3.3.1. Based on the value of M, the system’s resonant frequency fo=wo/2n7
that keeps Ry, o, constant to the value at perfect alignment can be calculated from (3.3)
and (3.6). Then, the resulting fy can be set by employing one variable compensation
capacitor at both the primary and secondary circuits.

In (3.4), the value of C, must be selected such that iy is slightly capacitive with re-
spect to v, at f=fy to reduce losses due to the reverse recovery (RR) of the rectifier’s
diodes. At the same time, the reactive power circulating in the secondary circuit must be
minimized. This can be achieved by selecting

. 1 (IRR)
Sin —_
I

X5 = Ry -tan (3.8)

On the other hand, C; must be tuned at f=f; such that the inverted current i; would
lag the inverted voltage v4p, which makes the primary inverter achieving zero voltage
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switching (ZVS) turn-on. As explained in Section 2.1.1, to minimize the reactive power
in the primary circuit, the inverter’s turn-off current Iprr must be slightly larger than the
minimum value given in (3.9) that ensures ZVS turn-on of the opposite leg by completely
discharging the MOSFETSs’ drain-source capacitance C;; during the dead time #4,,4. In
(3.9), it is assumed that the turn-off current Iprr is constant. However, due to the res-
onant characteristic of the S-S compensation, Iorr likely has a sinusoidal shape. This
means that Iorr should be larger than Iorg;,i,. A safety margin s;,, > 1 can be taken
into account depending on the selected MOSFETs, such that Iorr=Su; - loFEmin-

2:-Cys-V;
IorEmin = Sl ds” Tinmax 3.9)
ldead
Therefore,
1
X1 = Rip-tan |sin™! (%) (3.10)
1

where R;, is the real part of the input impedance Z;,, in (3.11) which is seen from the
source Vyp at f=fy. In (3.11), X> has been neglected since it is assumed that R;; > X>.
The step-by-step computation of (3.10) is explained in [35].

2
w 1
Zin =R+ 1007 +j|wol1 - ) (3.11)
Ry + Ry woCy
Rip Xi"‘;Xl

The resulting C; and C; can be found from (3.12). After that, the inverter’s operating
frequency is set at = fj.

1 1

Ci=—7——F, G=—"F"—7F7—
(woL1 — X1)wg (woLp — Xo)wg

(3.12)
In static wireless charging applications, M stays the same during one charging cycle.
Therefore, the measurement of M and the selection of f;, C;, C; must be performed only
once before starting of a new power transfer.
The initial battery voltage V;y,, is measured and communicated to the primary cir-

cuit. The input voltage V;, 4, is regulated according to (3.7) such that the output current
Vaut,to

Iour would generate Rp=Rp ops= Tons - The control of V;, is executed through a boost-
type PFC rectifier which can be implemented as explained in [36] and [37]. At this point,
the power transfer is started.

DURING THE POWER TRANSFER
The value of Ry is continuously monitored such that V;;, can be adjusted to keep R =Ry op¢
while V,,; increases. Ry, can be computed by measuring the DC output components for
the voltage and current, V,,; and I,,;. This is easier to implement than directly moni-
toring R, deriving from the high-frequency output variables. Assuming that the diodes
are in continuous conduction mode and that the operating frequency is close to the res-
onant frequency of the secondary circuit, R,. can be derived from (3.3). The proposed
COL strategy results in the battery charging profile shown in Figure 3.3(b).

For the considered Nissan Leaf battery [33], the SoC reaches 80% of the full charge,
and the standard CV charging phase starts. In particular, Ij,;; is gradually reduced by
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lowering V;, through the PFC. This last CV charging phase would eventually not operate
at the maximum efficiency, but this is acceptable since this time interval only contributes
to the last 10% increase of the battery SoC and, according to Figure 3.3, it has a much
shorter duration and lower power processing than the COL mode.

3.3. IMPLEMENTATION
The functionality of the wireless charging scheme proposed in Section 3.2 must be proved
experimentally. Hereby, the implementation of such a system is explained.

3.3.1. MUTUAL INDUCTANCE MEASUREMENT

Once the secondary coil has been detected by the primary circuit, the coil’s mutual in-
ductance M can be estimated as shown in (3.13). This is valid by assuming that the
battery is disconnected from the rest of the circuit, which is possible through the me-
chanical switch SW in Figure 3.2(c).

V.
M= oc
(U()Il

(3.13)

Since the system operates at f=f; by varying the value of C;, there is no need for mea-
suring the phase angle of V,; and I;.

3.3.2. SCC AS VARIABLE COMPENSATION CAPACITOR

The variable compensation capacitors of both the primary and the secondary circuits in
Figure 3.2(c) are implemented as the SCCs illustrated in Figure 3.7. The SCC was first
introduced by [13] to regulate resonant converters instead of varying the switching fre-
quency. According to [13], the SCC has two possible implementations depending on the
control strategy chosen for the semiconductor switches which, for the chosen applica-
tion, are SiC MOSFETs. When the SCC is switched on and off twice during one switching
cycle, the control takes the name of full-wave modulation. The typical operating wave-
form and the switch arrangement are shown in Figure 3.7(a). On the other hand, Figure
3.7(b) shows another possible control strategy called half-wave modulation, where the
SCC is switched on and off only once during one switching cycle. Hereby, the series-
connected SCC has been selected to limit the maximum voltage stress on the MOSFETs,
which is going to be discussed in Section 3.3.4. Both modulations have the control signal
synchronized with the current ic, flowing through the SCC series capacitor C,;. Once
the MOSFETs are turned off, that current would start flowing through Cs,. At that mo-
ment, the voltage across Cs; starts rising to reach the maximum when the current equals
zero. After that, the current through Cs, would assume the opposite sign causing the
decrease of v¢,. Once vc,, approaches zero, the MOSFETs are turned on again. This
operation guarantees the ZVS of the SCCs.

Intuitively, the highest equivalent series capacitance is achieved when the semicon-
ductor switches are always conducting, while the capacitance would be minimum if they
are always blocking. Therefore, the equivalent capacitance Cs ¢ depends on the on-
time ¢, of the switches, which can be found from (3.14) by computing the fundamental
component’s amplitude of the voltage vc,,. This results in (3.15) for the full-wave modu-
lation and in (3.16) for the half-wave modulation, where x is the duty cycle x:t"—T”:[O...%].
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Figure 3.7: Implementation of variable compensation capacitors as SCC with: (a) full-wave and (b) half-wave
modulation, where the equivalent capacitance results in (3.15) and in (3.16), respectively.
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Figure 3.8: Compensation capacitance Cy.,, and Cj,_,, depending on x:t"T" where the SCC uses: (a) full-wave
and (b) half-wave modulation.

The capacitance variation of both C¢.,; and Gy, is shown in Figure 3.8 as a function of
x. In Section 3.4, the performance of both implementations is evaluated and compared
with respect to the proposed COL battery charging method.

. 2 (T 27 I 1
(VCSZ)IZ?f chz(l‘)~cos(?t)dt=—ﬁc— (3.14)
0 W Cs2.eq
1 1
-w = = : 1
Crw 1 1 1 1 (ﬂ—an—Sannx) (3.15)
— + — 4+ — | —
Csl CsZ,eq Csl Csz T
1 1
-w = = : 1
Chow 1 1 1 1 (2n—4nx+s1n47rx) 3.16)
—+ - —
Ca Csz,eq Csq1 Cge 27

Besides the capacitance variation with respect to the duty cycle x, it is interesting to
model the losses of the SCC. The switchinglosses of the SCC can be considered negligible
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if the ZVS operation is achieved. The conduction losses directly depend on x since it
defines the current conduction path within the SCC. The equivalent resistance of the
SCC is described by (3.17) and (3.18) for the full-wave and the half-wave modulation,
respectively. Thereby, ESR¢,, and ESRc,, are the equivalent series resistance of the SCC
capacitors, while R 0, symbolizes the MOSFETS’ equivalent on-resistance. Moreover,
the coefficients A and B are defined in (3.19) and (3.20), respectively. If ESRc,, is similar
to Rgs,0n, the equivalent resistance of the SCC would be approximately constant over x.
Otherwise, the SCC resistance would vary with a similar trend to Figure 3.8.

sinm (1 —2x)
Rpy = Af2x+ =————"") + ESRc,, + ESRe,, (3.17)
sin4mx
Riaw = B(2x- ) +ESRc, +ESRe, (3.18)
A= Rds,on(sl) + Rds,on(Sg) - ESRC:z (3.19)
B =Ry 0n(s3) —ESRc,, (3.20)

STEP BY STEP COMPUTATION OF (3.17) AND (3.18)

The conduction losses of the two SCC implementations shown in Figure 3.7 are given by
the RMS current that flows in each parallel branch of the SCC which depends on the SCC
duty cycle x:t"T”z[O...O.S]. During one switching period T, the current of the SCC series
capacitor ic,, flows through the semiconductor branch of the SCC for the interval 2xT,
while it flows through Cj, for (1-2x) T. The resulting RMS current of each SCC parallel
branch is shown in (3.21) and (3.22) for the full-wave and the half-wave modulations,
respectively. As expected, these expressions are functions of szl and x.

. 1 sin (7 (1 — 2x))
fou =TG- - SIS0

f-w: (3.21)
sin (7 (1 — 2x))

131&32 = ICsl \/x+ o

. 1 sin (47x)
Ic, = I¢y, (E_XHT
h-w:< (3.22)

I i / sin (47rx)
= x —_——
S3 Csl 4 T

After that, the conduction loss of the SCC can be calculated as shown in (3.23) and
(3.24). From those, the equivalent resistance of the SCC can be computed by isolating
Ic,, which Ry.,, results in (3.17) and Ry.y in (3.18).

2 2
Psccid-w) = ESRc,, ICsz + (Rds,on(Sl) + Rds,on(Sz))Isl&sz

9 (3.23)
= Rf'wlcsl

2 2
Psccm-w) = ESRcy, Ic,, + Ras,on(ss) Is,

: (3.24)
= Rh—WICﬂ
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3.3.3. DESIGN GUIDELINE FOR EV WIRELESS CHARGING SYSTEMS
The design requirements for an EV wireless charging system that operates with the pro-
posed COL method are:

- the range of V},,;; during one complete charging cycle;

- the maximum Pgiq max that can be drawn from the grid;

- the range of V;, available from the PFC;

- the maximum voltage stress V¢, allowed by the SCC semiconductor switches.

The battery voltage V;,,;; varies while its SoC increases: Vs ranges from a mini-
mum Vj g4, min to @a maximum V44 max. These values are intrinsic to each EV battery.

Assuming that the input reactive power is negligible, the maximum input active power
Pgiid max depends on the selected SAE J2954 power class, here being 3.7kW (WPT1).

When considering the input to be connected to one phase of the European 50 Hz grid,
the phase-to-neutral voltage is 230V RMS with a tolerance of +10%. Thus, the available
range of V;, from a boost-like single-phase PFC is > 358 V.

At this point, given the range of Vi, Pgridmaxs Vin, and a preliminary-conservative
efficiency n* assumption, e.g. 92%, measured between the 50 Hz AC connection and the
EV battery, the maximum deliverable output current I,,;max can be calculated through
(3.25). The latter considers that V,,;=Vp4¢: as shown in Figure 3.2(c). During one bat-
tery charging cycle, Ioy,:=Ioutmax corresponds to the maximum power point of the COL
profile, which has been marked with five-pointed stars in Figure 3.3(b).

*
Iout,max = M (3.25)
Vout,max

The primary and secondary circuits are designed to satisfy all conditions in (3.26).

From the first condition in (3.26), the ratio g—; is calculated such that V;,, and V,,; are
within the given ranges. After that, the span of M from which it is possible to keep Ry, op¢
constant is computed by solving the second condition of (3.26), where I, max is given
in (3.25). For instance, Mpax is found for wo=wo, min=27 - 79kHz, while Mp;, is found
for wo=wo,max=2m - 90kHz. This target range of M can result from any arrangement of
coupled coils. However, the value of L1, L,, and k in the third condition must be selected
such that the peak voltage stress on the SCC’s MOSFET is within the rating of the selected
semiconductor switch. This is discussed more in detail in Section 3.3.4.

V, R Vi
3.7) = ~utmax [T _ Tinmax
Re,opt Ry Voutmax

Vour,max 8 1 Voutmax |[Ri
Riopr=1T—"——M= —— 5 ——1\| 5 Where:
Iout,max = wo Iout,max Ry
< wo =27[79...90]kHz (3.26)
Q= ht, g, =0tz L L1 Q1 Vinma )
1= y 2 — —_— — = —
R R Ly Q2\Vour,max

kLlLZ = M - (314) : VCSZI, VCSM < VdS,Off(Sl/Sg)
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3.3.4. PROTOTYPE OF 3.7 KW EV WIRELESS CHARGING SYSTEM
The guideline of Section 3.3.3 has resulted in the circuit parameters and components
summarized in Table 3.1. The laboratory prototype is shown in Figure 3.9.

1 H-brid
used ¢

S =

Inverter + TI LaunchPad

— —

Rectifier
AN

DC power supplies:

« Input (source)

* Output (load)
TI LaunchPad control

Computer:
Figure 3.9: Prototype of the 3.7 kW EV wireless charging system.

VARIABLE COMPENSATION CAPACITORS Ci, C,

To achieve the COL operation at different coil’s alignments, f of the IPT system must be
varied as shown in Figure 3.5. The value of the passive components must be chosen such
that the voltage stress over the SCC’s MOSFETs is within its rated value including a safe
margin to account for dynamic operating conditions.

Figure 3.10 shows examples of the voltage stress and the values of L;, Ly, Cs; and
Cs2 depending on k for different power levels. The design guidelines in (3.26) have been
used assuming that Q;=0Q,. The peak voltage on C,; has been computed through (3.27)
and (3.28) for the two modulations where the primary and secondary currents are calcu-
lated through (3.29). Since 1700V SiC MOSFETs are used in the SCCs, the conservative
maximum voltage stress of 1kV is selected in Figure 3.10 for the steady-state operation
to ensure enough safety margin also when transients occur.

z It

. Ca c

Voo tw :f —Lsinwtdt = T“
X

1
1+cosa(=+Xx) (3.27)

%) wCs2 2

‘7 _ % jcsl . _ icsl
Co2, how = sinwtdt = (1+cos2mx) (3.28)
xT Cs2 wls
“ 4 Riopt s T
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Table 3.1: Circuit parameters and components used in the proposed 3.7 kW EV wireless charging system in Figure 3.9.

Circuit parameters Component Function | Units | Manufacturer Name
f (kHz) [79 90] Primary | Secondary 1200V SiC MOSFET Inverter 4 C2M0040120D
Pgrid,max (kW) 3.7 Cs1,, Cs1, (nF) 13.50 18.57 1200V SiC diode Rectifier 4 Wolfspeed C4D15120D
n* (%) 92 Cs2;, Cs2, (nF) 28.03 52.08 1700V SiC MOSFET SCC ** 1/2x2 C2M0045170P
Vin(V) [358510] | Lj, Ly (uH) 336.90 224.15 Cs1y 11x4
Viart V) (317410] | Ry, Ry, () 0.75 0.5 Cs2, 6x3
RL,opt Q) 54.8 M ) [102.6 95.4 90.1] 6.80F 500Viags Cs1, 16x4 EPCOS B326711.
Zgg (mm) 105 (Mmax Mmid  Mmin] Cs2, 11x3

Mmax — (0,0, Zag) Cr** 9x4
Misalignment [(x,y,z) mm] | Mg — [(67, 0, Zgg) or (0,37, Zgg)] Qm*** 11x4

Mmin — (82,0, Zyg) or (0, 45, Zyg)] ** how/f-w,  *** fixed S-S: C1/Cp=(15.14/18.55) (nF)

Measuring and

supplying equipment

Oscilloscope: YOKOGAWA DLM4058 2.5GS/s 500MHz

Power analyzer: YOKOGAWA WT500

Bidirectional DC power supplies: DELTA ELEKTRONIKA SM1500-CP-30 (input), SM500-CP-90 (output)
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Figure 3.10: Voltage stress across the SCC’s MOSFETs, values of Ly, Ly, Cs1 and Csp depending on k at differ-
ent power levels: (a) 3.7kW (Ipq;;=7.48A, Myy,;,=90.1uH); (b) 7.7kW (Ipqsr=17A, My, =37.6uH); (c) 11.1kW

Tparr=25A, My, =43.6uH); and (d) 22KW (I, 5;r=50A, Myy;,=21.8 uH).

The values of C;; and Cg» have been chosen such that the f; variation in the range
79...90kHz is achievable given L; and L,, and considering that x is fully utilized. For
instance, if L is the coils’ inductance, the minimum, and maximum needed capacitance

can be found from (3.12) as
1
(Q)O,muxL -X)- Wo,max
1
(Wo,minL — X) - Wo,min

Cmin =

Cmax =

(3.30)
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Then, Cs; and Cy, are computed as

Cmax* Cmin
Cs1 = Cmax, Cs Coax—Conin (3.31)
Based on the resulting voltage stress in Figure 3.10, it is possible to employ SCCs
with both modulations for the power levels of 3.7kW and 7.7kW. On the other hand,
that might not be the case for the two highest power levels. Generally, the full-wave
modulation comprehends a wider range of coils’ arrangements that would ensure an
SCC’s voltage stress within the safe area. In particular, if the coupled coils have relatively
high k, e.g., k = 0.4, it might be possible to employ 1200V SiC MOSFETs for SCCs using
the full-wave modulation. The advantages of this choice are discussed in Section 3.4.1.
According to the implemented 3.7kW prototype shown in Figure 3.9, the resulting
variations of C; and C, are illustrated in Figure 3.11(a) and Figure 3.11(b) by using SCCs
with full-wave modulation and half-wave modulation, respectively. Thereby, C; and
C, follow the trend described by (3.15) and (3.16) which depends on SCC’s duty cycle
X:ILT":[O...O.S]. The validity of these analytical expressions has been proved by measur-
ing the circuit’s resonant frequency at different values of x. To prevent the coils’ mutual
inductance from altering this calculation, the measurements have been executed con-
sidering the primary and the secondary circuits separately. Assuming that L; and L, are
known, one can compute the equivalent compensation capacitance from (3.4) by im-
posing X;=X,=0.
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Figure 3.11: Values of C; and C» by using the SCCs with (a) full-wave and (b) half-wave modulation. Note that
the standardized operating frequency range 79-90kHz established by IPT-based EV charging is satisfied in the
current system design.

CONTROL SCHEME FOR V;;, AND f(C;,C»)

The detailed control scheme is summarized in Figure 3.12. There are two sets of param-
eters to be regulated in the proposed system. One is the duty cycle of the PFC rectifier
Dprc that sets the target V;,. The other is the duty cycle of both SCCs, namely x; and x»,
establishing the IPT system’s resonant frequency fy. In the prototype of Figure 3.9, the
input voltage V;, is regulated by a DC power supply which resembles the voltage range
that the PFC rectifier could provide. This is reasonable since the PFC rectifier is a nec-
essary power conversion stage for any EV wireless charging system, given that they are
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commonly connected to the AC grid. Additionally, the battery behavior is emulated by a
bidirectional DC power supply.

Computation of the circuit’s rtzto Start of the power transfer t? :
resonance N =t .
P o(Vis) I .
i e jli :
©(Vas) .
T~ /F T~ /F
Voltage control loop (VCL) - -
. 1s o 1o 1o .
. [’0111,/(} [ml/.I() / in,t0 (253312 Vi (Z;‘golz) Via |+
< < 2
— 0 L grid grid
s = VCL =
SR [ Dprcu _| = D —I _ =
Ripe 8 \ A PFC A Y,

..................................

Figure 3.12: Detailed control scheme referring to the charging process in Figure 3.6. In the prototype of Figure
3.9, the operation of the PFC rectifier is modeled by the input DC power supply.

Before the start of the power transfer, the values of x;, X2, and Dprc, ;0 are computed
based on the measurements of M, V1,10 and the reference Rpop;-

When the power transfer starts at the instant z=fy, the operating frequency of the
inverter is set to the target f; and the input voltage would be V;,, ;. However, at that in-
stant of time, the duty cycle of the primary SCC assumes the initial value x; 19=0.5 while
x2,10=X2. This results in the operation being in the inductive region of the resonant cir-
cuit since C; assumes its highest value, which translates into a safe operation for the
H-bridge inverter. At the instant t=f;, x; is set for the primary SCC, which control sig-
nal is synchronized to the output voltage from the H-bridge inverter V4p. On the other
hand, the control signal of the secondary SCC is synchronized with respect to the recti-
fying H-bridge’s input voltage V,;,. Assuming that, from (3.8)-(3.11), the phase delay of
both the primary and the secondary currents is known, a phase shift can be set to x; and
xp making sure that they are synchronized with the resonant currents, resulting in the
ZVS of the SCCs. Measurements based on this proposed start-up scheme can be found
in Section 3.4.1.

For the rest of the charging process (f > t;), the same SCC control signals apply.
Therefore, the SCC signals must be adjusted only at the beginning of the charging pro-
cess. On the other hand, Dppc starts from the initial value Dprc, ;o and it is continuously
modified by the voltage control loop to achieve the COL charging mode in Figure 3.3(b).

3.4. EXPERIMENTAL RESULTS

The proposed COL charging strategy has been experimentally validated for both the SCC
implementations based on the laboratory prototype in Figure 3.9. After that, the per-
formance resulting from the SCC half-wave modulation has been compared to the one
using conventional S-S compensation with fixed capacitors.

3.4.1. CONSTANT OPTIMUM LOAD METHOD WITH SCCSs

MEASURED CIRCUIT WAVEFORMS

Figure 3.13(a)-(b) show the measured waveforms of the proposed COL method at differ-
ent values of M defined in Table 3.1. Two sets of measurements have been executed to
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Proposed constant optimum load (COL) with SSCs Conventional constant current (CC)
v,y Ch2iv,,, (Ch3%E, PWM(C,) Ch5: v, Ché: v,,, Ch7: i, Ch8: PWM(C,) v,, ([Ch3:i) Ch5:v, Ch7:i,
100 V/div 20 V/div
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Figure 3.13: Waveforms measured at full power and at different coils’ alignments: (a)-(b) result from the pro-
posed COL by using the SCCs with the full-wave and half-wave modulations, respectively; (c) results from the
conventional S-S compensation with fixed capacitors.

compare the performance of the two possible SCC implementations illustrated in Fig-
ure 3.7. For instance, the measurements in Figure 3.13(a) have been performed while
employing SCCs with full-wave modulation. On the other hand, the measurements in
Figure 3.13(b) use SCCs with half-wave modulation. As expected, the resonant circuit’s
input and output waveforms from the two implementations are equivalent for the same
operating conditions. The main difference between the two implementations is the volt-
age vc,, due to the different modulation strategies. As a result, the voltage stress on the
MOSFETs of the SCCs with half-wave modulation is about twice the voltage stress of each
MOSFET employed in the full-wave modulation. The measured peaks of Vc,,, and V¢, ,
agree with the expected values from the analytical model shown in Figure 3.11.

The worst-case start-up transient following the control strategy illustrated in Fig-
ure 3.12 has been measured at Vj,,;=410V as shown in Figure 3.14 and Figure 3.15 for
the full-wave and the half-wave modulations, respectively. This operation occurs if the
charging cycle starts at full power when the battery’s (SoC~80%). All these measure-
ments have been executed at M=M,,;, since it leads to the highest voltage stress on the
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Vv,p Ch2: v, Ch3: i, PWM(C)) ChS: v, Ch6: v ,,Ch7: i, Ch8:PWM(C))

500 V/div 500 V/div 10 A/div. 5 V/div 500 V/d1V 500 V/div 10 A/le 5 V/div
R T el

(@) (b)
Figure 3.14: Start of the power transfer with SCCs using the full-wave modulation at M=M,,;, and V=410V,
referring to Figure 3.12. (a) At t=tg, V;y 1o is applied while xj ;0=0.5 and x=0.021. (b) At t=t1, x1=0.088 is
applied. The channels are displayed in the same sequence as Figure 3.13.

v,z Ch2: v, Ch3: i, PWM(C,) Ch5: v, Ch6: v ,,Ch7: i, Ch8:PWM(C,)

500 V/div 500 V/div 10 A/div. 5 V/div 500 V/div 500 V/div 10 A/div 5 V/div

e AL ; uwmuwmumm MR
‘ ‘llll\ fﬂfﬂ‘ﬁ" il 'ﬂ lllWlUHN i \u

(a) (b)
Figure 3.15: Start of the power transfer with SCCs using the half-wave modulation at M=M,,;, and Vj, =410V
referring to Figure 3.12. (a) At t=1y, Vjy o is applied while xj ;0=0.5 and x2=0.122. (b) At t=1, x1=0.211 is
applied. The channels are displayed in the same sequence as Figure 3.13.

SCCs’ MOSFETs. It is possible to notice that the ZVS turn-on of the H-bridge is main-
tained during the whole transient since i; is always inductive. The SCC MOSFETs’ peak
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Figure 3.16: Measured drain-source voltage v, of the MOSFETs M1 and M3 in Figure 3.2 when operating
the SCCs with the half-wave modulation at full power for: (a) M=M,,;4, and (b) M=M,;;,. The channels are
displayed in the same sequence as Figure 3.13.

voltage stress is well below 1700V. The worst measured voltage stress is Ve, 1=1000V
using the full-wave modulation, and V¢, 1=1450V for the half-wave modulation.

According to Figure 3.13, the SCCs introduce some distortion in the currents. This
is particularly clear when employing the half-wave modulation where the positive and
the negative currents’ half-waves are not symmetrical. This is due to the asymmetrical
nature of the half-wave modulation that foresees the switching only in correspondence
with one zero crossing during one switching period. Nevertheless, the ZVS turn-on op-
eration can be observed by analyzing the H-bridge inverter output voltage in Figure 3.13,
which has a smooth % transition, i.e., without abrupt variations. The asymmetry in the
primary current would cause the H-bridge inverter’s turn-off point to vary slightly in the
two switching transitions. This is shown in Figure 3.16 where the drain-source voltage
v4s of both MOSFETs M1 and M3 is measured at M=M,,,;; and M=M,,;,,. The ZVS turn-
on is achieved since the % is smooth, and the primary current lags that transition.

POWER TRANSFER EFFICIENCY
The DC-to-DC efficiency npc-to-pc 0f these two implementations are illustrated in Figure
3.17 in relation to a charging profile similar to the one in Figure 3.3(b). The implemen-
tation of SCCs with half-wave modulation leads to higher efficiency mainly because it
employs two fewer SiC MOSFETs than the full-wave modulation, resulting in lower con-
duction losses. The switching losses are also lower since the SCC is switched on and
off only once every switching cycle, while these transitions occur twice in the full-wave
modulation. For instance, the measured npc-to-pc at the maximum P;, (around 3.2kW)
i5 96.30% for M=M 45, and 96.07% for M=M,,;, when using the half-wave modulation.
For the same operating points, the measured npc-to-pc are 96.18% and 95.76% in the case
of the full-wave modulation. However, the latter has a margin still for improvement.
According to the start-up transient in Figure 3.14, the peak voltage stress on the SCC’s
MOSFETs is 1000V when using the full-wave modulation. This means that 1200V SiC
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Figure 3.17: Measured DC-to-DC efficiency npc-to-pc at different M of the proposed COL charging method
that uses SCCs as compensation implemented with (a) full-wave and (b) half-wave modulation. (c)-(d) Pos-
sibility of improving npc-to-pc and reaching lower I, at partial load by varying fo and setting f=fy. The
continuous lines are the expected results from the analytical model.

Table 3.2: Wolfspeed SiC MOSFETs characteristics and computed npc-to-pc When employing them for SCCs
with full-wave modulation.

SICMOSFET | Vys (V) | Rgsopn (mQ) | Cost (€)* | 7pc-to-DC (%
C2MO0045170P 1700 45 75.85 96.18
C3M0032120K 1200 32 24.39 96.32
C3M0021120K 1200 21 28.43 96.41
C3M0016120K 1200 16 66.92 96.45
*Source: Digi-key Electronics (accessed: 03/05/2022). Unit price (100+)
** Computed at full power, i.e., Vj,;;;=410V and M=M, 4x

MOSFETs could be employed in that case. The main advantages of these devices are
their larger market availability and lower Ry o, for the same current rating due to their
thinner epitaxial layer. Table 3.2 shows that, at full power when M=M,,, the SCC us-
ing the full-wave modulation employing 1200V SiC MOSFETs could outperform the ef-
ficiency measured with the half-wave modulation for a lower total semiconductor’s cost
(= —25%). On the other hand, according to the peak voltage stress in Figure 3.15, it is
not possible with the current design to choose MOSFETs with lower voltage rating in the
case of SCCs with the half-wave modulation.
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As explained in Section 3.2.4, the CV charging profile can be achieved by controlling
the input voltage through the PFC. The CV mode is characterized by a charging cur-
rent lower than the nominal, i.e., Rz>Ry op¢. By considering the definition of R ¢y in
(3.6), the system’s natural frequency fp can be varied through the SCCs such that Ry op¢
is closer to Ry, at partial loads. This can potentially increase the efficiency at partial load.
Moreover, according to I, in (3.2), the increase of fy would also allow the CV mode to
reach lower currents for the same V;,. The effect of this partial-load strategy is shown
in Figure 3.17(c)-(d) for M=M,,4x, where both the resonant and operating frequency are
increased from 79kHz to 90kHz. Thereby, npc-to-pc improvement is up to 0.13% for the
half-wave modulation and up to 0.07% for the full-wave modulation. On top of this,
about 10% lower output current can be achieved for the same input voltage.

3.4.2. COMPARISON WITH THE CONVENTIONAL S-S COMPENSATION

To investigate further the advantages of the proposed COL method, it is important to
compare its performance with the conventional CC changing mode implemented with
an S-S compensation with fixed capacitance. The parameters of the latter are listed in
Table 3.1. C; has been chosen such that the inverter achieves the ZVS turn-on at 79kHz
in any operating condition, and the output power can be controlled through the full volt-
age range available from the PFC stage. Figure 3.13(c) shows the operating waveforms at
full power and different coils’ alignments.

The measured DC-to-DC efficiency npc-to-nc, the set input voltage V;,, and power
P;y, the equivalent resistive load Ry and the optimum load Ry, of these two different
implementations are illustrated in Figure 3.18 in relation to a charging profile similar to
the one of the Nissan Leaf’s battery in Figure 3.3.

The implementation of SCCs with half-wave modulation leads to 0.13% lower 1pc-to-DC
at M=M,, 4, than the conventional S-S compensation throughout the COL charging pro-
file mainly because of conduction losses due to the SCC extra series capacitor in parallel
with the SiC MOSFET. This can be noticed in the losses breakdown of Figure 3.19. On
the other hand, in the presence of coils’ misalignment, the half-wave modulation leads
to higher npc to-pc since the condition Rp =Ry op; is kept constant. According to Fig-
ure 3.18, this drop in npc-to-pc When using fixed capacitors occurs at partial load and
lower magnetic coupling. This happens because, in that cases, the condition Ry =Ry op¢
is poorly matched, which results in an imbalanced distribution of the power losses be-
tween the primary and the secondary circuits shown in Figure 3.19. Additionally, from
the power losses’ distribution in Figure 3.19(a), it is clear that the amount of circulating
reactive current with the proposed method is approximately constant at different coils’
alignments which limits the turn-off losses of the H-bridge inverter. These features are
not found in the conventional S-S compensation resulting in higher losses in the pri-
mary circuit as shown in Figure 3.19(b). As depicted in the plot of P;,, higher npc-to-nDC
results in lower required input energy E;,=P;, -t by up to AE;,=440 Wh which translated
into lower charging cost even though the charging duration is slightly higher due to the
variable Ij,,;; characteristic of the proposed COL method.

The measurements of V;; show that it is possible to follow the battery charging pro-
file in both implementations by only regulating the power through the PFC stage. It is
also interesting to notice that the S-S compensation with fixed capacitors could reach
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Figure 3.18: Measured DC-to-DC efficiency npc.to-pc, input voltage V;,,, input power P;,,, equivalent resistive
load Ry, and optimum load Ry o achieved from: (a) the proposed COL method implemented with SCCs using
half-wave modulation; (b) the traditional CC method employing fixed capacitors. The continuous lines are the
expected results from the analytical model.

lower Ip4:; values in the CV mode since V;, still has a margin to be lowered to 358V.
However, only the values of I,;; comparable to the ones achieved with the half-wave
modulation have been reported in Figure 3.18 for being able to compare the two CV
modes fairly.

For the selected power level of 3.7kW and with reference to Figure 3.20, it is worth
mentioning that in this work, the designed IPT system reached a measured peak effi-
ciency of 96.30% which is remarkably high with respect to the available literature [6],
[38]-[48]. In Figure 3.20, the losses of the necessary PFC rectifier are not included since
they would be present in all the IPT systems. Additionally, the overall efficiency could
be considerably improved if SiC MOSFETs were used in the rectification stage instead of
diodes. For example, by using the same SiC MOSFETs as the inverter, the measured full-
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Figure 3.19: Breakdown of the power losses at full power resulting from: (a) the proposed COL method with
SCCs using half-wave modulation; (b) the traditional CC method employing fixed compensation capacitors.
The coils’ and capacitors’ losses also include losses due to cables and connections.
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Figure 3.20: Measured peak DC-to-DC efficiency npc-to-pc of this work compared to the available literature
with the same J2954-based EV charger power class (WPT1=3.7kVA maximum input [1]).

power efficiency of 96.30% could improve to 96.77% when employing SCCs with half-
wave modulation at M=M,,. Similarly, at M=M,,;,, the full-power efficiency could
jump to 96.5% from the measured 96.07%. In this case, the proposed method would be
even more efficient than the available literature in Figure 3.20.

3.5. DISTORTION OF THE MEASURED COIL CURRENTS

Intuitively, the SCCs connected in series with the coupled coils would introduce some
distortion in the coils’ current. According to Figure 3.13, the full-wave modulation intro-
duces symmetrical distortions, while the half-wave modulation introduces asymmetri-
cal distortions due to their nature. Higher frequency current harmonics potentially can
radiate a magnetic field which must be within the recommended limit from SAE J2954 in
Figure 3.21 defined for wireless charging of light-duty EVs (for more details see Appendix
A). During the preliminary research stage, it is reasonable to conduct a qualitative and
comparative analysis on the coils’ current distortion rather than considering the radiated
magnetic field. This investigation cannot guarantee compliance with the recommended
limits, but it can preliminarily assess the impact of the proposed method on the currents’
higher-order harmonics. All in all, this section qualitatively analyzes and compares the
FFT of the measured coils’ current that results from the SCC half-wave and full-wave
modulations and the conventional S-S compensation. After that, the FEM analysis of
the radiated magnetic field is performed in Section 3.6.
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3.5.1. METHODOLOGY
CURRENT MEASUREMENT CONDITIONS

When measuring the circuit waveforms at the operating points shown in Figure 3.13,
another set of measurements of I; and I, has been performed with 50MHz N2782B
Keysight current probes such that the signals are acquired with the maximum vertical
resolution. The horizontal scale of 2ms/div is chosen that makes the measurement du-
ration D;=20ms. A whole number of periods of the measured signals has been consid-
ered for computing the currents’ FFT. These scope settings resulted in a length of the
signal L,=12.5-10°. Therefore, for each measured signal, the sampling period and the
sampling frequency are h;, S:IL)—gzl.G ns and Fszﬁe?:GZS MHz, respectively. According to

the Nyquist-Shannon sampling theorem, the FFT bandwidth fn:%=312.5 MHz is large

enough for the upper frequency limit (30 MHz) in Figure 3.21. Additionally, the FFT fre-
quency resolution is df:f—j:SO Hz which is reasonably small compared to the current’s

fundamental frequency (~ 85kHz).
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Figure 3.21: Recommended limit from SAE J2954 on the quasi-peak radiated magnetic field H measured at
10m distance [1].

CHOSEN OPERATING CONDITION

For each implementation, the total harmonic distortion (THD) of both I; and I has been
computed, which is listed in Table 3.3 for all the considered coils’ alignments. However,
discussing the amplitude of individual harmonics rather than the THD is more signifi-
cant since those determine the compliance to the limits in Figure 3.21. It is worth men-
tioning that this limit drops exponentially from 400kHz to 12 MHz where the minimum
value is reached, and it is roughly maintained constant until 30 MHz. The peak ampli-
tude of the harmonic components has been considered since it coincides with the quasi-
peak value in continuous wave signals. Nevertheless, the quasi-peak is always equal to or
lower than the relative peak and, for this reason, the peak normally gives an extra safety
margin.

Table 3.3: THD of the measured I; and I» at the rated output power for different coils’ alignment conditions.

THD(I1) (%) THD(I2) (%)
Mnin Mmia Mmax | Mmin Mmia Mmax
SCC: f-w 6.84 7.83 7.28 7.11 8.38 8.14
SCC: h-w 7.89 10.57 7.37 7.36 10.98 8.16
const C 6.16 6.65 7.69 8.16 8.51 9.04
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In the following analysis, the middle-point of coil’s alignment M=M,,,; ; is considered
since it leads to the highest distortion due to the SCCs switching at relatively high cur-
rents as shown in Figure 3.13. Only I; is discussed in detail since, according to Figure
3.22, larger distortions have been found at the primary circuit due to the band-pass filter
characteristic of the resonant network as explained in [49]. Figure 3.23 shows the FTT I;
resulting from the SCC half-wave and full-wave modulations measured at M=M,,,; 4. The
FFT of the respective I, is shown in Figure 3.24. On the other hand, Figure 3.25 shows the
FTT of I; resulting from the SCC half-wave modulation and the compensation with fixed
capacitors both measured at M=M,,,;45. The FFT of the respective I, is shown in Figure
3.26.
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Figure 3.22: FFT of I and I» at the maximum power point for M=M,,,; ; when using: (a) SCCs with full-wave
(f-w) modulation, (b) SCCs with half-wave (h-w) modulation, and (c) fixed S-S compensation (const C). The
FTT is plotted for the entire frequency spectrum and also for only the harmonic components.

3.5.2. SCCs USING THE HALF-WAVE AND THE FULL-WAVE MODULATIONS

From the lower-frequencies zoom of Figure 3.23, the half-wave modulation has more
significant even-order harmonic components than the full-wave modulation due to its
asymmetrical nature. This can be seen especially in the 2"4-order harmonic highlighted
by @ This 2"4-order harmonic might not be particularly worrying because it would
not be likely the only one compromising the compliance since its amplitude is similar
to the 3™9-harmonic from the full-wave modulation. Similarly, the half-wave modula-
tion’s 7"-order harmonic (595kHz) pointed out from @ is about 2.8 times higher than

the full-wave modulation’s 53®-order harmonic (4.5 MHz) marked by @ Nevertheless,
according to Figure 3.21, the limit at 595kHz is about 25 times lager than the one at
4.5MHz.

Considering the zoom on the highest frequencies of Figure 3.23, it is clear from @
that the full-wave modulation has the most compromising harmonic amplitude in the
range of 12-30 MHz.

From this analysis, it can be concluded that the half-wave modulation leads to more
total-lumped distortion in I, which is confirmed by the THD. However, since the har-
monic components have comparable amplitude, it cannot be stated that one specific
modulation strategy would compromise the recommended limits more than the other.
Similar considerations are also valid for the harmonic distortion of the respective mea-
sured I, shown in Figure 3.24.

3.5.3. HALF-WAVE MODULATION SCC AND THE FIXED S-S CAPACITORS
In the lower-frequencies zoom of Figure 3.25, it is possible to notice that the half-wave
modulation haslarger even-order harmonic components due to its asymmetrical nature.
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However, similarly to the previous analysis, the 2"9-order harmonic highlighted from @
might not be particularly worrying. After this, it is interesting to notice that the largest
amplitudes in the interval from 400kHz to 12MHz are generated by the compensation
with fixed capacitors, marked by @ and @

Considering the zoom on the highest frequencies of Figure 3.25, it is clear at @ that
the fixed capacitors lead to compromising harmonic amplitudes also in the range 12-
30MHz. This high-frequency ringing visible in the measured signal is due to the par-
asitic capacitance of the coil. This ringing might be less attenuated when using fixed
capacitors because the resistance of the resonant circuit is lower than in the implemen-
tations with SCCs. This reduces the conduction losses, but it worsens the dumping of
high-frequency oscillations.

The half-wave modulation leads to higher total-lumped distortion in ;. However,
considering that the compensation with fixed capacitors leads to larger amplitudes of
the harmonic components at the most stringent limits, it can be deduced that if the latter
complies with the recommended limits, the implementation with SCCs using half-wave
modulation also would. Similar considerations are also valid for the harmonic distortion
of the respective measured I shown in Figure 3.26.

3.6. FEM SIMULATION OF THE RADIATED MAGNETIC FIELD

After analyzing the current distortion, it is interesting to evaluate whether the radiated
magnetic field generated by these currents is below the EMC limits in Figure 3.21. For
that purpose, the coils in Figure 3.9 have been modeled in Comsol Multiphysics for the
alignment condition corresponding to M,,;; where the assigned I; and I, have har-
monic components equal to the measured ones in amplitude and phase. According to
Figure 3.22, it is reasonable to consider only the higher-order harmonic components in-
stead of the full spectrum since the peaks occur in correspondence with those. The radi-
ated magnetic field has been evaluated through the FEM analysis for each configuration
in Figure 3.22. To ensure high accuracy of the solutions at 10m, the infinite element
domain is applied to the external layer of the air domain shown in Figure 3.27 [50]. All
evaluation points are shown in Figure 3.28 of which height is z= Zgg . This analysis is con-
servative since the receiver coil lacks a large aluminum shield resembling the EV chassis.

3.6.1. COMPARISON WITH THE EMC LIMITS

Figure 3.29 shows the comparison between the radiated magnetic field and the recom-
mended limits from SAE J2954 in the four 10 m-distant points illustrated in Figure 3.28.
The resulting Byqx has been converted by using (3.32).

(T
(dBuA/m) —N

— Bpeuk
Hpear =20-logyq |

- 106] (3.32)

The radiated field is well below the limits as expected since the considered power
level of 3.7kW is the lowest regulated by SAE J2954. A radiated Bpeqi up to 43 times
larger than the maximum resulting one of 50 dB would still satisfy the limit in the nomi-
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Figure 3.28: Locations of the evaluated radiated magnetic field for the lateral misalignment of the receiver coil
in the x direction corresponding to M, ;.

nal operating frequency range 79-90kHz. Thereby, SAE J2954 also suggests reducing the
limit by 15 dB if sensitive equipment is present within 10m. In that case, the radiated
Bpeax can be up to 7 times larger.

3.6.2. COMPARISON WITH THE HUMAN EXPOSURE LIMITS
Besides compliance with the EMC limits, the magnetic field radiated by the coupled coils
must be safe for the living beings surrounding the EV wireless charging system. The
ICNIRP Guideline 2010 defines reference levels for the general public exposure being
Bpyms=27uT, while the limit Bryrs=15uT holds for implanted medical devices (IMDs)
and pacemakers [51]. These limits are valid for all the areas around the IPT system ac-
cessible to people.

Figure 3.30 shows the evaluated radiated magnetic field in the four directions spec-
ified in Figure 3.28. It can be deduced that, in this case, a minimum distance of 25cm
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Figure 3.29: Computed radiated magnetic field at 10m.
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Figure 3.30: Computed and measured radiated magnetic field within 1 m (RMS values).

from the outer sides of the coupled coils guarantees a radiated Brys < 15uT. The EV
chassis can easily provide this safety distance when considering the wireless charging
system mounted on the EV. The simulated magnetic field has been verified experimen-
tally with the exposure level tester Narda ELT-400 in the measurement setup shown in
Figure 3.31. The circuit using the fixed S-S compensation has been considered, and the
magnetic field has been measured at distances that were physically accessible in the sur-
roundings of the prototype. According to Figure 3.31, the measured magnetic field is in
agreement with the simulated values, which confirms the developed FEM model and the
previous analysis.
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Figure 3.31: Test setup used to perform the radiated magnetic field measurements recorded in Figure 3.30.

3.7. CONCLUSION

Optimum load matching is widely used in EV wireless charging systems, where the equiv-
alent outputload is always set to equal the so-called optimum load. The latter maximizes
the power transfer efficiency, and its value depends on the coils’ alignment. In contrast,
this chapter proposes to make the optimum load condition invariant of the coil’s mag-
netic coupling by changing the natural resonant frequency of the system. This method
is defined here as constant optimum load, and its concept is explained in detail in Sec-
tion 3.2. The advantage of this solution is eliminating voltage control at the load side.
Only the input power is regulated through the PFC, ensuring that the COL condition
is met while the battery voltage increases during the charging cycle. The system’s res-
onant frequency is varied, employing SCCs as series compensation. In particular, two
SCC implementations, namely the full-wave modulation and the half-wave modulation,
have been implemented in a 3.7kW prototype described in Section 3.3, and their perfor-
mances have been compared and benchmarked against the conventional S-S compen-
sation with fixed capacitors in Section 3.4. The half-wave modulation results in overall
higher efficiency than full-wave modulation, with 96.30% for the input power of 3.2kW
and at the maximum coils’ alignment. For the same power and minimum alignment,
the efficiency drops only by 0.27%. The minimum measured efficiency is 95.68% at par-
tial load and minimum coupling, proving that the proposed method leads to relatively
high efficiency in the entire operating range. On the other hand, at 3.2kW and the maxi-
mum magnetic coupling, the full-wave modulation results in 96.18%, and the efficiency
drops by 0.42% at the minimum alignment. When misalignment occurs, the SCC half-
wave modulation is more efficient than the conventional S-S compensation with fixed
capacitors. The efficiency gain is up to 0.68% at partial load. Considering the high power
transfer efficiency measured for a coil’s misalignment range and throughout a charging
cycle typical of a 3.7kW static EV wireless charger, this research has proved the suitability
of the proposed COL charging method for that application.

Additionally, the current distortion introduced using SCCs and conventional capac-
itors as series compensation has been analyzed in Section 3.5. This is important to pre-
liminary assess the radiated magnetic field in the higher frequency domain. The SCCs



REFERENCES 103

are employed to change the circuit’s resonant frequency such that the optimum load
condition is kept constant over different coils’ alignments. The coils’ current has been
measured in a 3.7kW EV wireless charging system for three implementations: SCCs with
half-wave modulation, SCCs with full-wave modulation, and conventional fixed capaci-
tance. By computing the current’s FFT up to 30MHz, the SCCs using the half-wave mod-
ulation introduce the highest total lumped distortion because of their asymmetrical na-
ture. However, in correspondence with the critical frequencies of the limits set by SAE
J2954, the amplitude of the single harmonic components are comparable to or lower
than in the other implementations. Finally, the radiated magnetic field from each con-
figuration has been evaluated through FEM analysis in Section 3.6. The results ata 10 m
distance are all far below the EMC limits from SAE J2954 up to 30 MHz. When consid-
ering the human exposure limits set by ICNIRP, a minimum distance of 25 cm from the
outer sides of the coupled coils ensures a safe magnetic field level for both the general
public and implanted medical devices, which have been validated experimentally.
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VOLTAGE/CURRENT DOUBLER
CONVERTER USING RECTANGULAR
CoOILS

The lithium-ion battery of an electric vehicle (EV) is typically rated at 400V or 800V. When
considering public parking infrastructures, EV wireless chargers must efficiently deliver
electric power to both battery options. This can be normally achieved by regulating the
output voltage through a DC/DC converter at the cost of higher onboard circuit complexity
and lower overall efficiency. This work proposes a wireless charging system that maintains
a high power transfer efficiency when charging EVs with either 400V or 800V nominal bat-
tery voltage at the same power level. The voltage levels of 400V and 800V are considered
since they are becoming a norm in low-end and high-end EVs, respectively. The control
scheme is implemented at the power source side, and only passive semiconductor devices
are employed on board the EV. The presented system, called voltage/current doubler (V/I-
D), comprises two sets of series-compensated coupled coils, each connected to a dedicated
H-bridge converter. The equivalent circuit has been analyzed while explaining the pa-
rameters’ selection. The analytical power transfer efficiency has been compared to that
of the conventional 1-to-1 coil system at 7.2kW. For the same power level, the DC-to-DC
efficiency of 97.11% and 97.52% have been measured at 400V and 800V voltage outputs,
respectively. Finally, the V/I-D converter’s functionality has been proved experimentally
at both even and uneven misalignment of the two sets of coupled coils and for battery
voltages ranging from 75% to 106% of the nominal value.

This chapter is based on:

- E Grazian, T. B. Soeiro, P. Bauer, “Voltage/Current Doubler Converter for an Efficient Wireless Charging
of Electric Vehicles with 400V and 800V Battery Voltages”, in IEEE Transactions on Industrial Electronics,
vol. 70, no. 8, pp. 7891-7903, Aug. 2023.
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4.1. INTRODUCTION

With the advent of more EV models crowding the streets, it is noticeable that their nom-
inal battery voltage is not necessarily the same, which is clear from Table 1.2.

IPT systems of EV wireless charging can achieve high power transfer efficiency when
operating at the nominal operating condition for a certain power level, i.e., at the chosen
converter’s voltage gain, defined as the ratio been the input and output voltage. Highly
efficient systems have been demonstrated in [1]-[3]. Charging a battery with either dou-
ble or half of the nominal voltage would dramatically worsen the system efficiency for
the same output power. This can be explained because, in those conditions, the equiv-
alent operating resistive load would differ four times from the equivalent optimum load
defined in [4] and [5]. At the current date, no research has been found in the available lit-
erature on EV wireless charging systems that can efficiently provide both 400V and 800V
batteries with the same power.

The efficiency degradation that occurs when the battery voltage differs from the nom-
inal could be mitigated in several ways. One solution could be charging 400V and 800V
batteries at different power levels to match the optimum load condition. This would
deliver 1/4 of the nominal power to 400V batteries. However, when considering the
wireless charging of light-duty EVs, SAE J2954 defines three power classes for wireless
chargers. These power classes limit the maximum input power obtainable from the grid
connection to 3.7kVA, 7.7kVA, and 11.1kVA. Charging 400V batteries with lower power
than 800V batteries means that the power capability of a wireless charging transmitter
belonging to a specific SAE J2954 power class would not be fully utilized. Consequently,
this would extend considerably the charging times, which might already be quite long at
these power levels. Therefore, it is preferable to fully utilize the power available from the
grid connection when charging both 400V and 800V batteries. Alternatively, a DC/DC
converter can be employed between the IPT system’s output and the EV battery. In this
way, the IPT system would still operate at the nominal voltage gain while the DC/DC
converter sets the required voltage ratio and power exchange. In other words, the equiv-
alent operating load would still match the optimum load condition. Consequently, the
worsening of the power transfer efficiency of the IPT system would only depend on the
performance of the DC/DC converter. Nevertheless, using a DC/DC converter would
increase the complexity of the circuit and the control onboard the EV.

4.1.1. SCOPE AND CONTRIBUTIONS
This chapter proposes an IPT system that can charge both 400V and 800V EV battery
classes at the same output power while maintaining high power transfer efficiency. This
is a universal solution for both EV battery classes, which makes its installation practical
and it eases its later reconfiguration. Moreover, it guarantees that the available power
from the grid connection is fully utilized.

The main contributions are:

- definition of the novel voltage/current double (V/I-D) converter illustrated in Fig-
ure 4.1 as an IPT system that charges both 400V and 800V EV battery classes at the
same output power while maintaining high power transfer efficiency;

- analytical modeling and comparison with the conventional 1-to-1 coil IPT system
employing a 99% efficient DC/DC converter;
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Figure 4.1: Circuit of the V/I-D converter for battery charging applications through IPT. Herein, D2 and D5
can be advantageously assembled with two parallel diodes of the same technology used in D1, D3, D4, and
D6. In this case, the current rating of the converter’s circuit components is similar for a given charging power
independently of the operation.

- implementation of the V/I-D converter with two sets of coupled coils, including
the analysis of the power transfer depending on their cross-coupling;

- experimental validation of the V/I-D converter at different coil’s misalignment pro-
files and load variations.

4.1.2. OUTLINE

The analytical modeling, equivalent circuit, and operation of the V/I-D converter are
discussed in Section 4.2. In Section 4.3, the comparison with the standard 1-to-1 coil
IPT system is performed. The laboratory demonstrator of the V/I-D converter and the
expected operating points are discussed in Section 4.4. The proposed concept is proved
experimentally in Section 4.5 at the power level of 7.7kW with aligned and misaligned
coils. Finally, the main conclusions are given in Section 4.6.

4.2, THE V/I-D CONVERTER

The proposed V/I-D converter in Figure 4.1 delivers the same output power to 400V
and 800V batteries depending on the modulation of the two H-bridge inverters. A sim-
ilar strategy has been used in [6] and [7] to achieve a wide output voltage regulation.
For that purpose, [6] proposes a phase-shifted multiple H-bridge DC/DC power supply
(non-resonant). In contrast, [7] uses an interleaved LLC resonant converter with vari-
able frequency and phase-shift control. However, these topologies fundamentally dif-
fer from the proposed V/I-D converter because they use highly coupled transformers.
Thereby, the output voltage is regulated by continuously controlling the phase-shift an-
gle between the two H-bridge inverters in the range 0°...180°. This cannot be applied
directly to IPT systems for battery charging since the battery gives the output voltage.
Moreover, controlling that phase-shift angle in the entire range is not suitable for IPT
systems since it would lead to an unbalance of the two input impedances, resulting in
the hard-switching of one of the H-bridge inverters while the other would be operating
deeply in the inductive region. Thus, the proposed V/I-D converter in Figure 4.1 is an
original concept for IPT systems for battery charging.




114 4. VOLTAGE/ CURRENT DOUBLER CONVERTER USING RECTANGULAR COILS

4.2.1. CIRCUIT ANALYSIS AND OPERATION

The proposed V/I-D converter in Figure 4.1 consists of two H-bridge inverters, two sets
of coupled coils with their series-series (S-S) compensation, and two full-wave diode
rectifiers. The control is only implemented at the power source circuit resulting in an
onboard circuit with only passive devices.

When the half-bridge legs with mid-point A and C have the modulation shown in
Figure 4.2(a), the current through the secondary coils has the same direction and, con-
sequently, L3 and L, result in a series connection. In the rectification stage, only D1 and
D6 conduct during the positive half-wave of V., while D3 and D4 conduct in the nega-
tive one. The two secondary coils conduct the same nominal current as shown in Figure
4.2(a). This modulation is called voltage doubler mode since it is suitable for the rated
power charging of 800V batteries.
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Figure 4.2: Semiconductor devices conducting during the positive half wave of V45 and typical waveforms
when the V/I-D converter operates as: (a) voltage doubler and (b) current doubler, which equivalent circuits
are shown in Figure 4.3(a), and Figure 4.3(b), respectively.
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Figure 4.3: Equivalent circuit in the frequency domain of Figure 4.1 when operating as: (a) voltage doubler, and
(b) current doubler.

Contrarily, when the half-bridge legs with mid-point A and D have the modulation
shown in Figure 4.2(b), the current through the secondary coils has opposite direction
and, consequently, L3 and L, result in an equivalent parallel connection. In this case, D1,
D3, and D5 conduct during the positive half-wave of V,;;, while D2, D4, and D6 conduct
during the negative one. Figure 4.2 shows that the secondary coils conduct the same
nominal current as in the previous modulation, but their parallel connection results in
double the load current. This modulation is called current doubler mode since it is suit-
able for the rated power charging of 400V batteries.

The equivalent circuit in the frequency domain of the voltage doubler mode is shown
in Figure 4.3(a), while the current doubler mode is shown in Figure 4.3(b). The circuit in
Figure 4.3(a) is described by the Kirchhoff voltage law in (4.1) while the one in Figure
4.3(b) is described by (4.2). Thereby, the EV battery is replaced by the equivalent first-
harmonic load R, in (4.3) defined in [8] and [9].

Thereby, the impedance Z; of each resonant circuit is defined in (4.4), and the mu-
tual inductances M;, are expressed in (4.5) which depend on the coupling factor k;j,.
Figure 4.1, Figure 4.2, and Figure 4.3 highlight only M;3 and M»4 since they are the main
mutual inductances functional to the operation of the V/I-D converter. On the other
hand, M, and M3, are due to the cross-coupling present between the two coils placed
at each side of the two transformers, while My, and Ma3 are due to the diagonal cross-
coupling between the two transformers. V4 g is taken as reference according to the
phasor convention, and it is defined in (4.6) through the first-harmonic approximation.
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8 8 Voutmax

Rye=—=R=———" 4.3

ac 7_[2 L 7_[2 Pout ( )

. 1 ,
Z;=Ri+jwX;, X; ZwLi—w—Ci: i=1..4 (4.4)
Mip=Mpi=kin/LiLp: i,h=1.4Ni#h (4.5)
4
Vap =Vap/0"= —Vin, Vap=Vcp (4.6)

Additionally, for a given processed power, the V/I-D resonant circuit’s efficiency 7,¢s
is defined in (4.7).

Racl 13 |2 if voltage doubler
(from(4.1))
nresz VAB('RIH{Ce [-5—1] |+|IRe£I2]|) (47)
4 (I 3| +1 4|) if current doubler
Vap(IRe[I]]+|Re[I,]]) ~ (from(.:2)

The total DC-to-DC efficiency npc-to-pc also considers the power losses of the in-
verting and rectifying stages of which parameters can be extrapolated from the devices’
datasheet.

The power losses of the H-bridge inverters are

e (e
) +(Z)
2 2
where Ry oy, is the on-resistance of the MOSFETs and Ej,, is the total switching en-

ergy loss defined in (4.9). Thereby, E, rf is the turn-off energy loss, E, is the turn-on
energy loss, and Q, is the reverse recovery charge of the body diode.

Pinv=4-Ryson- +Esw- fo (4.8)

8 8 8
Egy = Z Eoff(Mi) + Z Eon(M;) + Z er(M[) Vds,off (4.9)
i=1 i=1 i=1

Since C;3 and C; are chosen such that X3 = X, = 0, the rectifier’s power losses are
mainly due to the conduction:

4. VF(%) + r(%)z] if V-Doubler
Pree = oalny  (Bale] @10
4. VF( ) + r( ) if I-Doubler

In (4.10), it is assumed that the diodes D2 and D5 are assembled with two parallel
diodes of the same technology used in D1, D3, D4, and D6. Therein, Vr is the constant
voltage drop of the bipolar technology, while r models the linear increment of the voltage
drop across the diode as a function of the flowing current.

Finally, npc-to-pDc can be computed as

Pout

-to-DC = . 4.11
IDC-to-DC = Tres Ponr+ Piny + Proc ( )
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4.2.2. CIRCUIT PARAMETERS’ SELECTION

The parameters of the V/I-D converter must be chosen to ensure high power transfer ef-
ficiency. For simplicity, the parameters’ selection criteria consider the symmetryin (4.12)
between the primary and the secondary circuits. Additionally, Section 4.5 will prove the
V/I-D converter’ functionality even in the case that this ideal symmetry is not met.

Li=Ly=Lp; L3=Ls=Lap;
Ri=Ry=Rip; R3=R4=Ryp; 4.12)
Mp = M3 =Msy; kp=kiz=ko

In (4.12), L1p and R; p are the self-inductance and the resistance of the primary coils,
Lyp and Ryp are the self-inductance and the resistance of the secondary coils, Mp is
the value of both main functional mutual inductances, and kp is their relative coupling
factor. Moreover, it is assumed that the coils’ cross-coupling is negligible.

The choice of L1 p and L, follows from (4.14)-(4.16). The first condition in (4.14) en-
sures that the conduction losses in the primary and the secondary circuits are balanced.
To achieve that, the ratio between the coils’ resistances R p and Ryp must be dependent
on the ratio between the maximum DC input voltage V;, ;4 available and the minimum
battery voltage Vyur,min which has been derived from (4.13). The second condition in
(4.15) has been found by assuming that the coils’ quality factor Q1 p, Q2p differs from the
constant a, which depends on the coils’ geometry and structure. Finally, the target value
of mutual inductance Mp can be found from (4.16), which is well-known from the S-S
compensation. Mp depends on V;;, ju4x, the maximum battery voltage V¢, max, the tar-
get output power P,,;, and the resonant angular frequency wo=27 fy. Finally, the values
of L1p and Lyp resulting from (4.14)-(4.16) are shown in (4.17).

R 7 . 7
Lip= Elin, bLp= Elout

Iin Vout,min  Iip (4.13)
Pip = Poy; = =
Iout Vin,max IZD
2
Rip 12 V: ‘
RipIZp = RoplZ, = 122—’3 = V;”ﬂ (4.14)
2D 1D out,min
woLip a-wolzp
1 Qip=a-Qp = 4.15)
Rip Rop
8 Vin,maxVout,max _
Mp=———————=kpVLiLp (4.16)
T woPout
Mp Lp MpILip 1
Lip=—-"Va, Lpp=—"—"— 4.17)
kp ILip kp ILp va

The compensation capacitance values are selected by imposing X;=0 in (4.4) for the
secondary coils, i.e., if i=[3, 4]. On the other hand, the condition X; >0 holds for the
primary coils, i.e., if i=[1, 2], to ensure slightly inductive primary currents achieving the
zero voltage switching (ZVS) turn-on of all MOSFETs in Figure 4.1 [10]-[12].
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4.3. COMPARISON WITH 1-TO-1 COIL IPT SYSTEMS

To evaluate the advantages of the proposed V/I-D system, its efficiency is compared an-
alytically to the one resulting from a conventional 1-to-1 coil IPT system with S-S com-
pensation in Figure 4.4. A generalized comparison is performed such that engineers and
researchers can evaluate the performance of the proposed system based on their specific
application.

— A=C Ry G Iy I Cs Ry a=c

Rm',Ab‘

B=D b
Figure 4.4: Equivalent circuit of the conventional 1-to-1 coil IPT system in the frequency domain. Note that
the same semiconductor devices are used as in the V/I-D converter in Figure 4.1.

4.3.1. CIRCUIT MODELING OF THE 1-TO-1 COIL IPT SYSTEM

The circuit in the frequency domain of the 1-to-1 coil IPT system in Figure 4.4 is de-
scribed by the Kirchhoff voltage law in (4.18). Thereby, the impedances Z; of the two
resonant circuits are defined in (4.19), and the mutual inductance M4p is expressed in
(4.20) where k4p is the relative coupling factor. V4 g is identical to (4.6). The first-
harmonic load R, ap depends on the nominal battery voltage as defined in (4.21) for
the same output power. This 1-to-1 coil system employs half of the passive components
than the V/I-D converter. The same amount of MOSFETs and diodes of the V/I-D con-
verter is used to have equal semiconductor costs for the high-frequency inverting and
rectifying power conversion stages.

VaB=2ZaAla+ joMaplp 4.18)
0=(ZB+Rac,AB)IB+j(UMABIA )
Z;=R;+jwX;, Xij=wL;- i=[A,B] (4.19)
i
Map=kapyvLaLp (4.20)
R,. if tuned for 800V batteries
Rac,AB = . . (4.21)
R,c/4 if tuned for 400V batteries

4.3.2. POWER CONVERSION STAGES
The power conversion stages employed by the V/I-D converter and the 1-to-1 coil IPT
systems are shown in Figure 4.5, starting from the grid connection to the EV battery. Both
solutions rely on the regulation of the input voltage since, as explained in [13], the S-S
compensation has a current-source output directly proportional to V4 g. By connecting
to the 1-¢ European 230V RMS-rated grid line-to-neutral voltage through a boost-like
power factor correction (PFC) rectifier as shown in Figure 4.5, V;;, can be safely regulated
in the range of 360...500V. Lower values of the V4 g fundamental can be achieved by
phase shifting the H-bridge inverters.

The V/I-D converter employs only the input voltage control and has a direct connec-
tion to the EV battery. On the other hand, the 1-to-1 coil system is provided with a 99%
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Figure 4.5: Power conversion stages of: (a) the V/I-D converter, (b) the conventional 1-to-1 coil IPT system.

efficient DC/DC converter, as shown in Figure 4.5(b), which would conduct only in the
case that the current EV battery voltage differs from the nominal to match the optimum
load condition.

4.3.3. ASSUMPTIONS

The comparison between the proposed V/I-D converter and the 1-to-1 coil system has
been performed considering the input parameters and semiconductor devices listed in
Table 4.1. Both systems are designed for the nominal operation such that V;;, is in the
range of 500V.

Table 4.1: Input parameters and semiconductor devices used in the comparison of Section 4.3.
Pour | 7.2kW M1..M8 | C2M0040120D

2 *

| Vour | 400V,800V & Ryson | 50mQ

E| Vi 360...500V (1¢b) S| Eors 1

gl fo 85kHz E| DI1..D8 | C4D15120D
2 kp 0.15, 0.25, 0.35 S| vr 0.8V

2 Op | 100..400 gl , 75mQ

] &

*datasheet values @125°C

Mp 82.63uH from (4.16)

For the 1-to-1 coil system, two designs have been considered: one with 400V as nom-
inal battery voltage, and the other with 800V. In both cases, when the battery voltage
differs from the nominal value, the 1-to-1 coil system can supply the same output power
through a DC/DC converter, as shown in Figure 4.5(b). Moreover, the option of not using
the DC/DC converter is also explored for the 400V 1-to-1 coil system. In this case, only
the input voltage is regulated to deliver the same output power to 800V batteries.

Table 4.2: Circuit parameters of the conventional 1-to-1 coil IPT system relatively to the V/I-D system’ ones.

Map Ia La Ra Qa4
400V | Mp/2 | 2-Lip | Lip/2 | Rip/2
800V | Mp | 2-hip | Lip/2 | Rip/2 Qp
kap Ip Lp Rp Qp
400V k 2-Ibp | Lap/2 | Ropl2 0
800V D bLp 2-Lop | 2-Rip 2D

The 1-to-1 circuit parameters in Table 4.2 have been chosen in terms of the V/I-D’s
ones assuming that:
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- at the nominal operating conditions, the lumped conduction power losses are
equal in the resonant circuits of the 1-to-1 coil system and the V/I-D system;

- the coefficient a in (4.15) is considered such that a=1, resulting in the primary and
secondary coils having the same quality factor: Q;p=Q2p=Qp.

4.3.4. ANALYSIS

The computed efficiency comparison is shown in Figure 4.6 in terms of Qp and kp. Fig-
ure 4.6(a) shows the efficiency comparison of the resonant circuits, while Figure 4.6(b)
and Figure 4.6(c) show the overall DC-to-DC efficiency including the losses of the semi-

— 7400V:doubler&l-to-l&(l-tu-HDC/DC)
1800V :doubler& 1-to-1&(1-to-1+DC/DC)

= 1800V 1-to- 1+PEC(V,, |)

100 150 200 250 300 350 400
Quality factor Qp (p.u.)

"400V:1-t0-1+DC/DC
ooy
800V:1-to-1 p (p)

1400V :doubler
mE= 7]800V:d0ublcr

0.35
0.25
0.15
86 S . . L L | | | | | | . . . . . . . . . . .
10 150 200 250 300 350 400 100 150 200 250 300 350 400
Quality factor Qp, (p.u.) Quality factor Qp, (p.u.)
(b) (c)

Figure 4.6: Analytical power transfer efficiency of the proposed V/I-D converter and the 1-to-1 coil IPT system
at different coils’ magnetic coupling kp and quality factor Qp=Q1 p=Q2p defined in (4.12). Plot of: (a) resonant
circuit efficiency; (b),(c) DC-to-DC efficiency (the power losses consider both the semiconductor devices and
resonant circuits), where 1-to-1 coil IPT system is designed for a nominal battery voltage of: (b) 400V, (c) 800V.
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conductor devices whose main parameters are listed in Table 4.1. Thereby, several val-
ues of Qp and kp are considered for the same Mp in Table 4.1. This makes the analysis
generic and applicable to all typical IPT systems designed at this power level.

Figure 4.6(a) shows that, in the two systems, the losses of the resonant circuits stay
the same at both 400V and 800V if the 1-to-1 coil system uses a DC/DC converter to
match the optimum load condition. On the other hand, if the 400V 1-to-1 coil system
delivers the same power to 800V batteries by stepping down the input voltage without a
DC/DC converter, the power transfer efficiency of the resonant circuit would consider-
ably decrease by up to 10%. This is caused by Ry being four times larger than the nominal
optimum condition leading to a higher primary current. Given this large efficiency drop,
this solution is discarded in the following comparisons.

Contrarily than in Figure 4.6(a), Figure 4.6(b) and Figure 4.6(c) show that there is a
difference between the computed efficiencies at 400V and 800V. In the case of solely
considering the V/I-D converter, the current doubler mode (400V battery) has more
losses since the number of diodes conducting is twice that of the voltage doubler mode
(800V battery). This has been shown in Figure 4.2(b). When considering the 1-to-1 coil
system, the designs with 800V as nominal V,,; are more efficient than the ones at 400V
since the current flowing through the rectifying diodes is halved for the same power.

When comparing the two different systems, the proposed V/I-D system is up to 1%
more efficient. For instance, at the same kp, the two systems would have the same effi-
ciency if the 1-to-1 coil system is equipped with coils having a larger quality factor. This
might put more requirements on the coils’ design. For example, when kp=0.35 in Fig-
ure 4.6(c), an efficiency of 97% can be reached by the V/I-D converter operating in the
current doubler mode (400V battery) if Qp=250. The same efficiency can be achieved by
the 1-to-1 coil system when operating with a 400V battery if the coils have Qp=350. This
difference is even more considerable in Figure 4.6(b).

4.3.5. COST AND COMPLEXITY CONSIDERATIONS
The V/I-D converter has the great advantage of employing only passive semiconductor
devices at the secondary circuit, simplifying the circuit and control on board the EV.
Regarding the cost, it is reasonable to assume that the two systems use the same
high-frequency inverting and rectifying power conversion stages since each H-bridge of
the V/I-D converter is sized for half the power of the 1-to-1 coil system. When consid-
ering the coupled coils, from Table 4.2, it can be deduced that the 1-to-1 coil system
requires using a Litz wire with more strands in the windings while the core magnetic
saturation must also be fulfilled. Thus, the transformer will be naturally sized accord-
ing to the processed power. Therefore, the size of the components in the two systems
would be equivalent if they are fully utilized. Nevertheless, the possible total higher cost
of implementing two sets of coupled coils in the V/I-D converter would be undoubtedly
overcome by the price of a highly efficient DC/DC converter that must operate in an
extensive range, i.e., between 400V and 800V.

4.4, EXPERIMENTAL IMPLEMENTATION

The proposed V/I-D converter has been implemented as a laboratory demonstrator suit-
able for the 7.7kW power class.
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4.4.1. LABORATORY PROTOTYPE

The two sets of coupled coils have been designed as shown in Figure 4.7. The parameters’
selection follows the approach explained in Section 4.2.2, and they are summarized in
Table 4.3. The coils have a different number of turns to prove that the V/I-D converter
can also operate in the case that the ideal condition in (4.12) is not met. The resulting
M3 and My, are similar, and they are in the same range of the target Mp in Table 4.1.
Since the distance Ax between the two sets is much larger than the coils’ dimensions,
their cross-coupling mutual inductances My», M34, M14, M3 are negligible.

Figure 4.7: Coils arrangement of the proposed V/I-D sy:
is shown in Figure 4.1.

wireless charging which circuit schematic

Figure 4.8 shows the 7.7kW prototype, including the compensation capacitors and
the power converters. The Delta Elektronika bidirectional power supplies SM500-CP-
90 and SM1500-CP-30 are used as input and output voltage sources. The input power
supply operates in the voltage range that resembles the boost-like PFC converter, which
could be implemented as explained in [14] and [15], while the output power supply em-
ulates the EV battery voltage. It is assumed that V;,, is set according to the load, which
information is given by the wireless communication required from the IPT system for
several features such as guided positioning, pairing, and safety.

Rectifier board:
8xC4D15120D
(1200V SiC diodes)

Figure 4.8: Developed 7.7kW V/I-D converter for EV wireless charging.

4.4.2. ANALYSIS OF THE OPERATING POINTS

Before validating the functionality of the V/I-D converter experimentally, it is essential
to assess the operating points resulting from different misalignment conditions between
the coupled coils. In particular, given the sets of coupled coils in Figure 4.8, two mis-
alignment profiles have been identified: the lateral misalignment in either the x- or the
y-direction shown in Figure 4.9(a), and the tilted misalignment shown in Figure 4.9(b).
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Table 4.3: Measured circuit parameters and coils’ dimensions.

L R M Coils’ dimensions (mm)
(MH) | mQ) | (uH) with respect to Figure 4.7
Ly | 17 | 246.9 420 M3 Xp, Yfr 2f Cs Zf.c
Ly | 18 | 276.1 440 80.2 387,364, 4.1 65 4
L3 | 15 | 1853 | 360 | Moy Xe, Yo dw | Zag | Ax
Ly | 14 | 161.7 340 78.5 355,350,2.4 | 100 1000
E planar core: 3C95, PLT43/28/4.1 Litz wire: 600 x 0.071mm
(C1, Co, C3, C4) = (14.92,13.27, 19.05, 21.62)nF —4x(18,16,23,25)*
* (series x parallel): KEMET R76TF13305050] 3.3nF (ESR=0.22Q)

N

Considering that the coils are roughly squared shaped, the two directions of lateral mis-
alignment would have a similar impact on the power transfer, and, in that case, M3
and M>4 would vary proportionally. On the other hand, a tilted misalignment would
cause an imbalance between M;3 and Ma4. The effect of these two misalignment pro-
files is investigated in Figure 4.10 resulting from the analytical model of Section 4.2.1.
The performance of the V/I-D converter is assessed in both the voltage doubler (800V
batteries) and the current doubler (400V batteries) modes for an output power of 7.2 kW.
The switching frequency of 86.5kHz is chosen since it is confined within the range of
79...90kHz established by SAE J2954 [16] and it ensures the ZVS turn-on of the H-bridge
inverters at the nominal alignment with low circulating reactive currents. The perfor-
mance is assessed in terms of the absolute value and the phase angle of the primary cur-
rents I, and I, the absolute value of the secondary currents I3 and I, the pc-to-nc,
and the required V;,,.

Figure 4.10(a) addresses the effect of the lateral misalignment on the power transfer.
For that purpose, M;3 and M4 are proportionally reduced up to 50% of their nominal
value in Table 4.3. It is possible to notice that the npc.to-pc drops with the misalignment.
This is due to the lower V;, required to deliver the same output power, translating into
higher primary currents, which worsen the conduction losses. The ZVS turn-on of the
H-bridge inverters is preserved. However, the primary currents become more inductive
with the lateral misalignment leading to larger circulating reactive currents and higher
turn-off losses. The input voltage can be regulated through the PFC rectifier up to 68%
of the nominal mutual inductance.

On the other hand, Figure 4.10(b) and Figure 4.10(c) investigate the effect of the tilted
misalignment on the power transfer. Thereby, only one mutual inductance is gradually
reduced while keeping the other constant to its nominal value. In the voltage doubler
operation, this misalignment profile would eventually cause the hard-switching of the
H-bridge inverter supplying the coils with higher coupling while the other H-bridge in-

Figure 4.9: Coils’ position in the presence of: (a) lateral misalignment, (b) tilted misalignment.
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Figure 4.10: Operating points of the V/I-D converter in terms of the absolute value and phase angle of I; and
I, the absolute value of I'3 and 14, the npc.to-pc, and the required V;; depending on the normalized main
mutual inductances with respect to the nominal Mj3 and Ma4 in Table 4.3. (a) Both M3 and Mb4 are varied
proportionally (lateral misalignment); (b) only M3 is varied (tilted misalignment); (c) only Ma4 is varied (tilted
misalignment). The results are computed from the analytical model supposing that the output power of 7.2kW
is delivered at a switching frequency of 86.5kHz. The red-shaded areas denote the operating regions in which
the hard-switching of the H-bridge inverter occurs. The blue-shaded areas indicate whether the required V;,,
is out of the available range from the grid-connected PFC rectifier.

verter would operate in a highly inductive region of the resonant circuit. This operation
is due to the unbalanced reflected impedance at the primary circuits while the secondary
circuits conduct the same amount of current. This means that the MOSFETs of the in-
verting stages must be equipped with a suitable thermal management system to with-
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stand the additional power losses introduced by the hard-switching operating points.
This behavior is not present in the current doubler operation due to the equivalent par-
allel connection of the secondary circuits, which allows their currents to be unequal.
Nevertheless, the current doubler mode has a considerable current unbalance between
the two resonant circuits. Additionally, the tilted misalignment requires an input voltage
that can be mainly supplied PFC rectifier.

In Figure 4.10, the resulting 1pc-to-pc is mostly over 94%. Note that the sharp de-
creases in 1pc-to-pc correspond to transitions into hard-switching operating areas.

4.4.3.V/I-D CONVERTER’S PERFORMANCE AT LOWER VALUES OF Ax

In the laboratory demonstrator illustrated in Figure 4.8, the two sets of coupled coils
are placed considerably far from each other to minimize the undesired cross-coupling.
However, in reality, a shorter distance would ease the installation of the proposed V/I-D
converter on EVs. For that purpose, it is interesting to assess the minimum distance Ax
that would still lead to a negligible cross-coupling.

Figure 4.11 shows the values of the self-inductance and the mutual inductance of
all four coils depending on Ax resulting from measurement and simulated through the
finite element method (FEM) in COMSOL Multiphysics. The self-inductances, M;3, and
M, stay approximately constant over Ax. Conversely, the mutual inductances related
to the cross-coupling become larger as Ax approaches zero. It must be noted that those
instances have negative values due to the direction of the concatenated magnetic field.

‘ FEM analysis OLCR meter ‘ 0 L,
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= 280 o ™
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Figure 4.11: Values of the self-inductance and the mutual inductance of the four rectangular coils depending
on the Ax in Figure 4.7.

To determine the minimum value of Ax that makes the cross-coupling tolerable, the
performance of the V/I-D converter has been assessed for the whole range of Ax. This
analysis has been performed through the analytical model for an output power of 7.2kW,
86.5kHz switching frequency and aligned coils. The results are summarized in Figure
4.12. The operating points marked with the light blue-shaded areas, i.e., for Ax>0.25m,
would result in a performance similar to the one at Ax=1m used in Figure 4.8. Never-
theless, it is preferable to conservatively select Ax=0.35m as the minimum distance to
guarantee that the cross-coupling would be negligible also when the receiver coils have
a lateral misalignment of 10cm.




126 4. VOLTAGE/ CURRENT DOUBLER CONVERTER USING RECTANGULAR COILS

(V-D)=Voltage Doubler 11| (V-D) 1| (1-D) i
(I-D)= Current Doubler || — — — |/ |(V-D) — — — |£,| (1D) o e
2 147 1()\.‘11‘1 misa‘lignm‘cnti ‘ ‘ ‘ [
~ 13 7@[1%‘3
=, ~ 3
~ N~ L B
— 127 I e S e
~ i
11 ‘ ‘ [ ‘
_____ 6(I) (VD) —.mvm (1) (D)
---------- 6 (I)(V-D) i 6 (1) (D)
o: 42; \ — ; ; ;
RSN
% 0r ...
) ,".-,_5._...._.'_'Z::::::::::::::::=:=:=:=:==-
<
il -4 [, VO |
o 6Ll . . , \
Mpetone VP pcto-ne D)
- ==V, VD) ===V, D) 550
g 974 r — : ; o
9 971 12
D N
7 H — B 1490 <
£96.6 1 P ST ——————— N
LD) 062 H 1460
s ’ 430

0.01 0.1 02 03 04 05 06 07 08 09 1
Ax (m)
Figure 4.12: Analysis of the V/I-D converter in terms of the absolute value and phase angle of I, and I, the
1NDC-to-DC, and the required V;,, depending on distance Ax in Figure 4.7. The results are computed from the
analytical model supposing that the output power of 7.2kW is delivered at a switching frequency of 86.5kHz.
The light blue-shaded areas denote the operating regions with similar performance.

4.5. EXPERIMENTAL RESULTS

The laboratory prototype in Figure 4.8 has been tested to prove the functionality of the
V/I-D converter.

4.5.1. MEASUREMENTS AT THE COILS’ NOMINAL ALIGNMENT

The circuit waveforms and the DC input and output measurements for the V/I-D system
operating at rated power are shown in Figure 4.13(a) for the current doubler mode, while
Figure 4.13(b) shows the voltage doubler mode. The operation of the H-bridge inverters
follows the same logic illustrated in Figure 4.2 and Figure 4.2. The operating frequency
of 86.5kHz selected in Section 4.4.2 leads to the ZVS turn-on of all MOSFETs. The DC-to-
DC efficiency 0f 97.11% and 97.52% have been measured at 7.2kW for an output voltage
of 400V and 800V, respectively. As expected, the efficiency is slightly lower in the cur-
rent doubler mode because the number of diodes conducting is twice that in the voltage
doubler mode.

In reality, V,,; increases during the constant current (CC) mode of the battery charg-
ing cycle. Measurements have been performed for (0.75...1.06)-V,,; while maintaining
I,y constant. These measurements are summarized in Figure 4.14. This also proves that
the V/I-D scheme works even if V,,; is not exactly 400V or 800V as shown in Table 1.2.
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Figure 4.13: Measured circuit waveforms and DC-to-DC efficiency with aligned coils when operating at

86.5kHz and rated power for both nominal Vy,: (a) current doubler, (b) voltage doubler.
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Figure 4.14: Measured DC-to-DC efficiency npc-to-pc and input voltage V;,, from the prototype in Figure 4.8
with aligned coils as: (a) current doubler, (b) voltage doubler. The dotted lines result from the analytical model.

During the constant voltage (CV) mode of the battery charging cycle, I,,; should be
gradually reduced until the battery is fully charged. According to [17], the S-S compen-
sation can achieve both CC and CV modes, which CV mode can be realized by stepping
down V;, through the PFC rectifier. Lower values of the V45 can be achieved by phase
shifting the H-bridge inverters. Hereby, the CV mode is not included since this is not
the main focus of this work and its control strategies are well-known from the literature.
Additionally, for the power level of 7.7kW, the CC mode takes place for most of the EV
battery charging profile. Therefore, it is more critical to ensure high power transfer effi-
ciency during that period to reduce the overall energy consumption.

4.5.2. MEASUREMENTS WITH COILS’ MISALIGNMENT
The functionality of the V/I-D converter has been assessed for the misalignment posi-
tions shown in Figure 4.9, which parameters are listed in Table 4.4.

Table 4.4: Measured coils’ parameters at the alignments in Figure 4.9.

Ly Ly L3 Ly Mz | Mas

Misalignment (MH) (MH) (uH) MH) | @WH) | (H)
Figure 4.9(a): Ay=7cm | 249.8 | 278.0 | 186.2 | 162.8 | 69.7 | 66.3
Figure 4.9(a): Ay=9cm | 250.8 | 279.2 | 186.5 | 163.0 | 57.6 | 56.6
Figure 4.9(b): tilted 247.7 | 276.7 | 185.1 | 162.3 | 79.7 | 50.6
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Figure 4.15: Measured DC-to-DC efficiency npc.-to-pc and input voltage V;,, at different coils’ alignments as:

(a) current doubler, (b) voltage doubler. The dotted lines result from the analytical model.
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Figure 4.16: Measured circuit waveforms and DC-to-DC efficiency in the presence of lateral misalignment
(see Figure 4.9(a)). Operation at 86.5kHz and rated power for both nominal Vj;; when Ay=7cm: (a) current
doubler, (b) voltage doubler; when Ay=9cm: (c) current doubler, (c) voltage doubler.
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(90kHz) with C1=17.39nF.
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The overall measured 7pc-to-pc and the relative V;;, are shown in Figure 4.15. As ex-
pected from the analysis of Section 4.4.2, the DC-to-DC efficiency drops when the mis-
alignment occurs. For the considered coils’ alignments, it is possible to follow the entire
CC charging using a V;,, range that the PFC rectifier can provide.

With lateral misalignment at Ay=9 cm, the efficiency measured at the nominal V,,;
drops by 1.15% and 1.22% in the voltage doubler and the current doubler modes, respec-
tively. This is due to higher primary currents increasing the conduction losses for the
same output power. Since M;3 and My4 decrease proportionally, balanced currents flow
through the primary and the secondary circuits. Additionally, by operating at the same
frequency of 86.5kHz as with the aligned coils, it is possible to keep the ZVS turn-on op-
eration for the entire CC charging. These considerations can be noticed in the measured
waveforms of Figure 4.16(a)-(d).

On the other hand, when considering the tilted misalignment, M;3 and M4 do not
decrease proportionally. This translates into unbalanced currents within the primary
and secondary circuits in both the current doubler and the voltage doubler operations,
which waveforms are shown in Figure 4.17(a) and Figure 4.17(b), respectively. In the volt-
age doubler operation, the considerable difference between M;3 and M»4 would cause
the hard-switching of the H-bridge inverter with A and B terminals. To mitigate this
issue, the switching frequency of both inverters has been increased to 90kHz. Neverthe-
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less, at partial load, the hard-switching still occurs, causing the efficiency drop shown
in Figure 4.15(b), of which the waveforms measured at V,, =600V are shown in Figure
4.17(c). Considering that the operation falls slightly in the capacitive region only at par-
tial load, this extra loss can be considered acceptable, especially in the case that the H-
bridge inverters employ SiC MOSFETs with forced cooling.

An alternative solution to achieve the ZVS turn-on for the entire CC mode during the
voltage doubler mode with tilted misalignment is increasing the value of C; to make the
equivalent impedance Z; more inductive. According to Figure 4.15(b), increasing C;
from 14.92nF to 17.39nF results in higher measured 7npc-to-pc at partial load. However,
the npc-to-nDc drops for higher values of V,,; due to the increase in the amplitude of I,
visible from Figure 4.17(d). Since the capacitance must be set only once before the start
of the power transfer, this could be implemented through a mechanical switch.

4.5.3. POWER LOSS ANALYSIS

The power loss breakdown of the V/I-D converter has been computed from the analyti-
cal models of Section 4.2 for the different coils” alignments, which results in Figure 4.18.
The efficiency drop in correspondence of the coils’ misalignment is due to the higher cir-
culating current in the primary circuits for the same output power. Additionally, when
the lateral misalignment in Figure 4.9(a) occurs, the power losses increase proportionally
in both primary circuits. On the other hand, when the coils have the tilted misalignment
shown in Figure 4.9(b), it is possible to notice the unbalance in the power losses. For in-
stance, the set of coupled coils with lower mutual inductance would have higher current
stress. Nevertheless, the operation of the V/I-D converter would still take place.
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Figure 4.18: Breakdown of the computed power losses at both possible nominal battery voltages at rated power
for the different coils’ alighments.

4.6. CONCLUSION

This chapter has proposed a new topology defined as voltage/current doubler (V/I-D)
for EV wireless charging that supplies the same power with high efficiency to both 400V
and 800V batteries. The V/I-D comprises two sets of series-compensated coupled coils
connected to a dedicated H-bridge converter. The control is implemented at the primary
side by operating the two H-bridge inverters with the same or opposite modulation. The
secondary circuit is composed of only passive devices. It has been found that the V/I-
D system can be more advantageous in terms of computed power transfer efficiency
(up to 1%) than the conventional 1-to-1 coil series-compensated IPT system that uses
a 99% efficient DC/DC converter which is operational when the battery voltage differs
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from the nominal. Furthermore, the DC/DC converter adds control complexity onboard
the EV. The V/I-D system has also been found to be more efficient (up to 10%) than the
conventional 1-to-1 coil series-compensated IPT system employing only input voltage
control. After that, the proposed V/I-D converter was experimentally verified at 7.2kW.
Considering that the battery voltage could be either 400V or 800V, the peak DC-to-DC
efficiency of 97.11% and 97.52% were measured, respectively. Additionally, by regulating
the DC input voltage in the range that a power factor correction rectifier could provide,
the functionality of the V/I-D converter was proved under different coils’ alignments. At
9cm lateral misalignment, the DC-to-DC efficiency dropped to 95.89% and 96.37% for
the output voltage of 400V and 800V, respectively. Finally, the operation in which the axis
connecting the geometrical centers of the secondary coils is tilted with respect to one
of the primary coils has also been proved. The mutual inductance differs considerably
between the two sets of coupled coils, resulting in an uneven distribution of power losses
within the primary and secondary circuits. Nevertheless, the functionality of the V/I-D
converter has been proven to be still valid.
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ADVANCED AND COMPACT
VOLTAGE/CURRENT DOUBLER
CONVERTER USING BIPOLAR PADS

This chapter proposes an advanced and compact version of the previously defined volt-
agelcurrent doubler (V/I-D), which comprises two coupled series-compensated bipolar
pads (BPPs). The presented system can efficiently charge EVs with 400V and 800V bat-
tery voltage classes at the same power level without affecting the current rating of the con-
verter’s circuit components. The equivalent circuit is analyzed, focusing on the BPPs’ un-
desired cross-coupling and its effect on the power transfer. Methods to compensate for the
cross-coupling are proposed regarding the BPP design and the operating strategy. At the
output power of 7.2kW and aligned BPPs, the DC-to-DC efficiency of 96.34% and 96.53%
have been measured at 400V and 800V, respectively. The proposed method has also been
experimentally validated for battery voltages ranging from 75% to 100% of the nominal
value and in the presence of misalignment. Additionally, the interoperability of the pro-
posed V/I-D converter is investigated. The functionality of the converter is assessed when
the primary BPP is coupled with a standard secondary coil, here being the VA test station
WPT2/Z2 from SAE J2954. The operation based on the misalignment is discussed through
the analytical model. Then, the interoperability is verified through experimental results
for the entire constant current charging mode for a rated output power of 7.2kW. Even

This chapter is based on:

- E Grazian, T. B. Soeiro, P. Bauer, “Voltage/Current Doubler Converter for Electric Vehicle Wireless
Charging Employing Bipolar Pads”, in IEEE Journal of Emerging and Selected Topics in Power Electron-
ics, 2023, (early-access).

- E Grazian, T. B. Soeiro, P. Bauer, “Interoperability of the Voltage/Current Doubler Converter Employing
Bipolar Pads with the SAE J2954 VA WPT2/Z2 for EV Wireless Charging”, 2022 20th International Power
Electronics and Motion Control (PEMC) Conference, pp. 346-352.
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though the functionality of the V/I-D converter is not optimal during the interoperabil-
ity, the measured DC-to-DC power transfer efficiency in the considered operating range
reaches the maximum at 95.22%, while the minimum is 92.86%.

5.1. INTRODUCTION

Chapter 4 proposes the converter named voltage/current doubler (V/I-D) which circuit
schematic is illustrated in Figure 4.1. This is a novel universal wireless charging solu-
tion suitable for both 400V and 800V battery voltage classes. The V/I-D circuit employs
two H-bridge inverters connected to the same DC bus, each powering one set of series-
compensated coupled coils. The secondary circuits are connected to a rectification stage
directly interfaced with the battery. According to Figure 4.1, the V/I-D converter employs
two primary and two secondary coils which, in Chapter 4, are arranged in two physically-
separated sets of rectangular coupled coils. Thereby, the distance between these two sets
of coupled coils is large enough to eliminate their undesired cross-coupling. In EV wire-
less charging, this can be achieved by placing one set of coupled coils in correspondence
with the back of the EV while the other is installed at the front. In that case, the opera-
tion of the V/I-D converter is close to the ideal one. However, this solution does not
give much freedom in mounting the IPT system, and it could be significantly limiting
for small-size light-duty EVs. On the other hand, the use of multicoil pads would pro-
vide a compact magnetic configuration for the V/I-D converter’s coupled coils because,
in that case, the two coils at each circuit side are deployed on the same ferrite layer. In
EV wireless charging applications, the most common multicoil pads are the bipolar pads
(BPPs) [1] and the Double-D Quadrature Pad (DDQP) [2] which, as explained in Section
1.2.3, are normally employed to achieve interoperability with rectangular and DD pads.
Considering the symmetrical structure of the V/I-D converter, BPPs are preferable as
multicoil pads, which geometry is qualitatively shown in Figure 5.1.
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Figure 5.1: V/I-D converter for IPT systems employing series-compensated BPPs. Herein, D2 and D5 can be
advantageously assembled with two parallel diodes of the same technology used in D1, D3, D4, and D6. In
this case, for a given charging power independently of the voltage or current doubling operation, the current
rating of the converter’s circuit components is similar.

It must be noted that the proposed V/I-D converter fundamentally differs from the
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voltage and current doubling circuits conventionally used in the rectification stage of
resonant converters [3]. Generally, those circuits provide the advantage of limiting some
components’ voltage or current stress, easing their design and implementation. Voltage
and current doubling circuits have also been used in IPT systems. For instance, voltage
doubler rectifying circuits are employed when the output voltage is considerably greater
than the input voltage [4]. On the other hand, it is advantageous to adopt current dou-
bler rectifying circuits in IPT systems with a large output current, as explained in [5]-
[7]. However, these conventional doubling circuits have a fixed voltage or current gain
optimized for the specific IPT application.

Conversely, the voltage and the current gains of the proposed V/I-D converter are
not fixed since 400V and 800V batteries can be directly charged at the same power level.
This means that the V/I-D converter has a selective output doubling behavior depending
on the modulation of the H-bridge inverters. The operation can assume either the volt-
age doubler mode (suitable for 800V batteries) or the current doubler mode (suitable
for 400V batteries). As demonstrated in Chapter 4, the two operating modes result in
approximately the same power transfer efficiency because the components ideally have
the same current stress.

5.1.1. SCOPE AND CONTRIBUTIONS

This chapter explores the feasibility of employing two coupled BPPs as the magnetic ar-
rangement of the V/I-D converter. This implementation intrinsically results in cross-
coupling due to the proximity between the two sets of coupled coils, which certainly
affects the power transfer of the V/I-D converter. This means that the design guidelines
and operating scheme proposed in Chapter 4 would not be suitable for the V/I-D con-
verter using BPPs. Additionally, the interoperability of the V/I-D converter is explored,
evaluating the converter’s performance when the primary BPP is coupled to a standard-
ized rectangular secondary coil, i.e., the vehicle assembly (VA) test station WPT2/Z2 from
SAE J2954 [8]. This is important because it demonstrates that the primary charging cir-
cuit of the V/I-D converter can also deliver wireless power to EVs that do not have the
intended secondary BPP, enlarging the scope of this converter.

The main contributions are:

- Overview of BPPs in the available literature, providing insights into their main fea-
tures and use.

- Investigation of the effects of the BPP unwanted cross-coupling on the V/I-D con-
verter’s functionality.

- Definition of the operating scheme and the design requirements for the coupled
BPPs to mitigate the cross-coupling effects on the power transfer.

- Experimental proof that the proposed V/I-D converter employing BPPs can achieve
high power transfer efficiency when charging both 400V and 800V at the same
power level. At the output power of 7.2kW and aligned BPPs, the DC-to-DC effi-
ciency 0f 96.34% and 96.53% have been measured at 400V and 800V, respectively.

- Experimental proof of the V/I-D converter’s functionality under different misalign-
ment and load conditions typical of EV wireless charging.

- Experimental proof of the V/I-D converter’s interoperability, where the primary
charging circuit with the BPP delivers wireless power to the standardized VA test
station WPT2/Z2 from SAE J2954 used as the secondary coil.
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5.1.2. OUTLINE

The main features and challenges due to the undesired cross-coupling of the BPPs are
explored in Section 5.2, focusing on the effects on the power transfer. Based on those
results, the BPPs are designed through FEM analysis and then implemented. After that,
Section 5.3 describes the 7.7kW laboratory prototype used to verify the functionality of
the proposed V/I-D converter. The expected operating points depending on the receiver
pad’s misalignment are analyzed from the analytical model. The experimental results in
terms of DC-to-DC efficiency and circuit waveforms can be found in Section 5.4 for both
aligned and misaligned BPPs. The interoperability is discussed in detail in Section 5.5
starting from the equivalent circuit modeling. After that, the operating scheme is ana-
lyzed depending on the misalignment. The analysis is proved with experimental results
at the output power of 7.2kW for the entire constant current (CC) charging mode. Finally,
the main conclusions are given in Section 5.6.

5.2. BIPOLAR PADS
5.2.1. OVERVIEW: BPP AS A MAGNETIC COIL ARRANGEMENT
The BPP consists of two independent partially-overlapped rectangular coils. It was first
introduced in [1] to implement a versatile EV transmitting pad that, depending on the
phase of the current flowing through each coil, can work as a polarized or nonpolar-
ized pad. Consequently, the BPP has high interoperability since it has relatively strong
magnetic coupling with polarized pads such as double-D pads (DDPs) and nonpolar-
ized pads such as circular or rectangular pads. Other examples of the BPP employed as
a transmitting pad for interoperability can be found in [9]-[13]. On the other hand, [14]-
[16] explore the advantages of using the BPP as receiving pad. In all these studies, the
two coils in the same BPP are magnetically decoupled by appropriately selecting their
overlap such that their concatenated magnetic flux approximates zero. As explained in
[14], this overlapping area depends on the structure of the BPP itself and also on the con-
figuration of the pad with which the BPP is coupled. Therefore, the overlapping area is
generally chosen from the analysis of the pads through the finite element method (FEM).
However, when the BPP is used as both the transmitting and receiving pad, the cross-
coupling between the coils placed at the diagonal opposite sides of the circuit would be
present. Referring to Figure 5.1, this cross-coupling is denoted by M4 and M>3. In [17],
it has been shown that it is possible to minimize this diagonal cross-coupling by en-
larging the overlapping area at the cost of reintroducing the cross-coupling between the
coils on the same BPP. This solution might be beneficial since, as shown in [16] and [18],
the cross-coupling on the same BPP is relatively constant over the misalignment, which
means that its effect could be compensated by adding extra compensation capacitance
in the resonant circuit [16], [19], [20].

5.2.2. ANALYSIS: INFLUENCE OF BPPS’ CROSS-COUPLING ON THE V/I-D

CONVERTER’S FUNCTIONALITY
The V/I-D converter would assume the intended operation explained in Section 4.2.1
when the unwanted cross-coupling between the coupled coils is not present, resulting
in the operating scheme illustrated in Figure 4.2. This is the case of the implementation
in Chapter 4, where the two sets of coupled coils are placed far from each other. How-
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ever, when considering coupled BPPs as the magnetic arrangement, cross-coupling is
inevitable to a certain extent. From the Kirchhoff voltage law in (4.1) related to the volt-
age doubler operation, it is possible to notice that all instances of mutual inductance
due to the coils’ cross-coupling add up to the main functional mutual inductance. This
is because the currents have the same direction in the voltage doubler mode, as shown
by Figure 4.2(a). Contrarily, Figure 4.2(b) shows that the currents have opposite direc-
tions at each circuit side in the current doubler mode. This justifies the negative signs
in (4.2) associated with all the mutual inductance due to the cross-coupling. Therefore,
it is interesting to investigate the cross-coupling effects on the V/I-D converter’s power
transfer to evaluate whether the operating scheme defined in Section 4.2.1 is still valid.

For that purpose, understanding how the cross-coupling within the same BPP and
the diagonal cross-coupling between opposite BPPs influence the power transfer of the
V/I-D converter is fundamental to assess which of the two must be minimized by ade-
quately designing the BPPs.

ASSUMPTIONS

The influence of the cross-coupling has been evaluated analytically for the two oper-
ating modes from (4.1) and (4.2), considering the input parameters listed in Table 5.1.
Thereby, the mutual inductance M has been computed from (5.1) considering the three
possible values of foz‘z"—;. The operating frequency of the H-bridge inverters f,,=fp is
constrained in the range allowed by SAE J2954, i.e., 79...90kHz. To keep the analysis
generic, no specific values have been chosen for the coils’ inductance and the compen-
sation capacitances. The secondary circuits are considered in resonance (X3=X4=0). In
contrast, the primary circuits are slightly inductive (X;=X, >0) to ensure the ZVS turn-
on of the H-bridge inverters. Additionally, the diagonal cross-coupling from the opposite
BPP and the cross-coupling within the same BPP have been studied separately to isolate
their characteristics. Each of them has been swept such that M;,,s,=[1/10, 1/8, 1/6, 1/4,
1/3, 1/2]-M, while the main mutual inductances are defined as M3=M4=M.

_ 8 VinVour

= 5.1
p 2 woPoyt 6D

In this analysis and the one of Section 5.3.2, the primary currents are computed con-
sidering the inverted output voltage from their respective H-bridge inverter as a refer-
ence. For instance, I, has been computed with respect to V4 g, while I, takes Vo p as
a reference.

Table 5.1: Input parameters used in the analysis of Section 5.2.2.

Pour | 7.2kW M | [77.24, 81.79, 88.00] uH
Vour | [400,800] V R | 05Q

V; 360..500V (1) | X | 5Q

fo [79, 85, 90] kHz Z1=Z2=R+jX, Z3=Z4=R

ANALYSIS

Figure 5.2 compares the effects of the cross-coupling to the case in which M, s:=0-M.
The comparison is made in terms of the amplitude and the phase angle of the primary
currents I; and I, and the output current ;.
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Figure 5.2: Analysis of the cross-coupling M.ross influence. (a) Diagonal cross-coupling M¢ross=M14=M23.
(b)-(d) Cross-coupling in the same BPP M ;oss=M12=M34. (c) Effect of eliminating M¢,oss for the voltage
doubler mode by turning all compensation capacitances according to (5.2). (d) Effect of eliminating M¢ross
for the current doubler mode by turning all compensation capacitances according to (5.3).
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Figure 5.2(a) shows that the diagonal cross-coupling (M, ¢ss=M14=M>3) would still
lead to inductive primary currents. However, compared to the case with no cross-coupling,
the primary currents would be more inductive in the current doubling mode, while they
would be less inductive in the voltage doubling mode. The diagonal cross-coupling
would either add up or reduce the main mutual inductance, which is particularly clear
from (4.1) and (4.2). Because this cross-coupling directly influences the power transfer, it
is not possible to compensate for it by modifying the value of the compensation capac-
itances. Nevertheless, it is reasonable to consider M., ss acceptable if M., oss <1/4-M
because, within this range, the variation in I,,; can be counteracted by stepping up V.
Moreover, in this range, the phase angle of the primary currents in both modes would be
enough to guarantee the ZVS turn-on of the two H-bridge converters with the moderated
amount of reactive current.

Similarly, Figure 5.2(b) shows that the cross-coupling in the same BPP (M oss=M12=M34)

would still lead to inductive primary currents. The variation trend in the two operating
modes is similar to Figure 5.2(a). However, when considering |I1|, [I2| and I, it is pos-
sible to notice that, for the same range of M.,s, the variations are more limited than in
Figure 5.2(a). This means that it is possible to tolerate higher values of M, ,ss; and com-
pensate for their effects by stepping down V;,,. Since, in this case, the cross-coupling is
present within each BPP, it does not directly influence the power transfer between the
primary and the secondary circuits. Its effects stay isolated on the two sides, and they
can be treated as an extra impedance with either an inductive or capacitive nature, as
shown in (4.1) and (4.2), respectively. This means that the contribution of M), and M3,
can be considered and eliminated in one of the two operating modes by selecting a suit-
able compensation capacitance. Examples of My, and M3, compensation are discussed
in Figure 5.2(c) and Figure 5.2(d).

In Figure 5.2(c), the cross-coupling within the same pad is compensated for the volt-
age doubler mode, and its impact on the current doubler mode is analyzed. This has
been performed for all values of M., ,ss by adding an extra reactance to Z; as shown in
(5.2), which translates into a lower value of the compensation capacitance.

| ;)
Zi=R+] X—woMihm
i

1

V-Doubler <

Wo

I*
wo (Li+Mih| h|)—X] (5.2)

IIi*l
ih=1..4:
i=1© h=2,i=2 & h=1,i=3 © h=4,i=4 & h=3

In (5.2), |I l* | and |I ; | indicate the current amplitudes that would result from the case
with no cross-coupling, i.e., M;,55=0, which can be computed from (4.1). As expected,
the operation of the voltage doubling mode with cross-coupling within the same BPP co-
incides with the operation in the ideal case with no cross-coupling. On the other hand,
with the same circuit parameters, the operation in the current doubling mode could re-
sult in the hard-switching of the H-bridge inverters if M55 >1/3-M.
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In Figure 5.2(d), the cross-coupling within the same pad is compensated for the cur-
rent doubler mode, and its impact on the voltage doubler mode is analyzed. In this case,
an extra reactance has been added to Z; as shown in (5.3) for all values of M55, which
would translate into a higher value of the compensation capacitance.

I
Zi=R+j X+w0Mihﬁ
;
1
mas ;]
I-Doubler < wo | wo (Li _ Mihﬁ) —X] (5.3)
i
i,h=1.4:

i=1 © h=2,i=2 & h=1,i=3 © h=4,i=4 & h=3

As expected, the operation in the current doubling mode with the cross-coupling
within the same BPP coincides with the operation in the ideal case with no cross-coupling.
The voltage doubling mode operation with the same circuit parameters would result in
a highly inductive primary current if M.,oss >1/3-M. In that case, the power transfer
efficiency would be lower due to the circulating reactive power and the relatively large
turn-off current point. Nevertheless, the ZVS turn-on of the H-bridges is maintained,
which would not be the case in Figure 5.2(c).

CHOSEN CROSS-COUPLING COMPENSATION AND OPERATING STRATEGY

The results from Figure 5.2 make it preferable to minimize the diagonal cross-coupling
(M4 and M>3) by properly designing the overlap area of the coils within the same BPP.
This choice cannot guarantee that the cross-coupling within the same BPP (M;, and
M3s4) is negligible. However, adequate compensation capacitance selection can com-
pensate for its effect on the power transfer. From the previous analysis, it has been found
that it is preferable to tune the compensation capacitances in the current doubler mode
through (5.3). The tuning of the capacitors and the H-bridge inverters’ switching fre-
quency is performed at f;,,=fo=90kHz in the current doubler mode. This guarantees
that, by operating the inverters at f;,,=79kHz during the voltage doubler mode, the pri-
mary currents would be less inductive, reducing the circulating reactive power and the
turn-off current point that can be problematic as shown in Figure 5.2(d) if M55 >1/3-M.
This tuning and operating strategy is qualitatively shown in Figure 5.2(d). Thereby, the
resulting primary currents’ phase angle at 79kHz in the voltage doubler mode cannot
be computed since, in this analysis, the circuits’ impedance Z; are defined just for the
resonant frequency. The advantage of this operating scheme will be proved in Section
5.3.2. Additionally, by choosing f=90kHz, the required mutual inductance M is the low-
est value in Table 5.1 which eases the requirement on the nominal coupling.

5.2.3. DESIGN: CROSS-COUPLING SENSITIVITY ANALYSIS THROUGH FEM
The coupled BPPs must be designed according to the cross-coupling analysis of Section
5.2.2, such that:

1. the nominal M;3 and M>4 are in the range of 77.24 uH;
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2. the diagonal cross-coupling M4 and M3 between the two BPPs is negligible at
the aligned position and for the nominal air gap. This results from selecting the
overlap area between the two coils within each BPP.

The chosen BPP geometry is illustrated in Figure 5.3 of which given dimensions are
listed in Table 5.2. The dimensions of the aluminum shield, the ferrite plate, and the
outer sides of the winding area are chosen, given by the available physical space for the
wireless charging system. Additionally, each winding consists of several turns of the cho-
sen Litz wire having d,, as the external diameter. For simplicity, the windings are mod-
eled as a massive planar conductor of which the total coil’s spread Cyp, is defined in Fig-
ure 5.3. Even though Cj), is considered to be fixed as specified by Table 5.2, there is still
room to select the number of turns of each coil. This choice must guarantee that:

- the target condition M3 = My = 77.24uH is satisfied while the air gap between
the two BPPs is Z,;¢ = 100 mm;

- the two coils within each BPP have similar parameters aiming for a symmetrical
design;

- the conduction losses in the primary and secondary circuits are equal.

Table 5.2: Dimensions (in mm) valid for both coils referring to Figure 5.3.

Xa Yar Za X Vi Zf X1 Ve Zf-cl» Zf-c2) Zf-a
570, 370, 2 559, 364, 4.1 545, 350 3,10.5,4
Csp, dw Xf,unip Yf,unit | Ferrite unit: 3C95, PLT43/28/4.1
65, 2.5 43,28 Litz wire: 600 strands, 0.071mm

The number of turns of each coil satisfying the above-mentioned requirements re-
sults in N1=17, N>=18, N3=15, and N;=14. These have been found through the FEM
analysis of the coupled BPPs with an initial overlap of x,yer14p=0. It can be noticed that
the coil placed closer to the ferrite in each BPP has one less turn. This choice guarantees
similarity between the two self-inductance values and also between M;3 and M4 con-
sidering the uneven placement of the coils in the z-direction as shown in Figure 5.3(b).
The initially selected C;, would be enlarged if it cannot accommodate the necessary
number of turns that satisfies the requirements on the BPPs.

After selecting the number of turns, the overlap area between the two coils in the
same pad must be chosen, which, in Figure 5.3, is defined in terms of X,per14p. The value
of Xoperiap must result in a negligible diagonal cross-coupling. From the cross-coupling
analysis in Figure 5.2, that is the case if M4 and M3 are at maximum % - M, where
M =~ M3 = Ma4. According to (5.4), Xoperiap Can be expressed as a function of the single
coil’s length x.. In this analysis, C;, and the total length occupied by the coils x; are
considered to be fixed, which values are listed in Table 5.2. On the other hand, x, and
Xoverlap Can vary in the range specified by (5.5).

Xoverlap(Xc) =2+ xc—2-Csp— X (5.4)

X1
Xe = [E + Csps X1| = Xoverlap = |0; Xj—2-Cgp (5.5)
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Figure 5.3: Structure and geometry of the coupled BPPs viewed from: (a) the x-y plane, (b) the x-z plane.

Several coupled BPPs configurations have been created by sweeping Xoperiqp in the
range 0...90 mm every 3mm equally for both BPPs. At the same time, the self-inductance
and the mutual inductance of all the coils are assessed through the FEM analysis con-
sidering Z,z=101.5mm. These results are summarized in Figure 5.4.
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Figure 5.4: Self inductances and mutual inductances of the coupled BPPs depending on xgyeriqp resulting
from the FEM analysis.

It must be noted that the cross-coupling within the same pad M;, and M3, is min-
imized when Xoyeriqp=9mm. On the other hand, the diagonal cross-coupling between



5.2. BIPOLAR PADS 143

opposite pads M4 and Mp3 is minimum for a greater value of X,yer1qp, being 36 mm.
This result coincides with the analysis performed by [17]. The coupled BPPs with M, =
M>3 =0 are preferable since they result in a V-I/D converter operation close to the ideal
case. However, in the case that 36 mm < Xyer1qp < 54mm, M4 and Mp3 can be consid-
ered negligible given the analysis performed in Figure 5.2(a).

Additionally, Figure 5.4 shows that all four cross-coupling mutual inductances are
negative when there is no overlap between the coils, i.e., Xyper1ap=0. The physical mean-
ing of these results can be understood by analyzing the magnetic field generated by
the coils. An example is shown in Figure 5.5(a) considering two coupled BPPs with
Xoverlap=0. A current flows through the coil with inductance L; generating a magnetic
field along the positive z-axis. The sign of the mutual inductance to a coupled coil de-
pends on the direction of the total concatenated magnetic flux. For instance, the mag-
netic flux linking to the coil with inductance L3 is positive since it has the same direc-
tion of the +z-axis. This translates into M;3>0. On the other hand, a negative magnetic
flux concatenates to the two coils with inductance L, and L4 resulting in negative cross-
coupling mutual inductances, i.e., Mj»<0 and M14<0. The influence of a negative mu-
tual inductance on the power transfer is discussed in Section 5.3.2.

On the other hand, Figure 5.5(b) shows that a positive flux might link to all three
coupled coils when the two coils within each BPP are overlapped, which, according to
Figure 5.4, that is the case for xoperjqp>36mm.

+M[? ( LJ L4} +MH ( LJ L4)
1L Yy " LT
l—— 7 =
L, @ O e
L, L4) +z
+M,, / / /M !
< jui 3y :
L__%

7 12
tL 1 (c) L;,

Figure 5.5: Typical magnetic flux generated by a current flowing through the coil with L; inductance. The

mutual inductance can have either a positive or negative sign depending on the direction of the field linking

to the other coils. Examples for: (a) aligned BPPs and X,y¢r14p=0; (b) aligned BPPs and X4y¢r14p>0; () BPPs

misaligned in the positive x-direction and xyeriqp>0.

5.2.4. IMPLEMENTATION: COUPLED BPPS FOR THE V/I-D CONVERTER

The coupled BPPs design with the minimum diagonal cross-coupling identified in Sec-
tion 5.2.3 has been implemented. The overall parameters of the resulting BPPs are plot-
ted in Figure 5.6, where the reference coordinate is chosen with respect to the imple-
mented BPPs in Figure 5.7. The parameters of the coupled BPPs in the aligned position
are listed in Table 5.3. It can be noticed that M;3 and M>, differ by less than 4% from the
target main mutual inductance of 77.24uH. Even though the resulting diagonal cross-
coupling M;4 and M>3 are larger than the values expected from Figure 5.4, these are still
acceptable since they are lower than % - M4 This discrepancy is due to the manufac-
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Figure 5.6: Self-inductance and mutual inductance of the coupled BPPs depending on receiving pad position,
which have been measured with an LCR meter at 85kHz. The coordinate reference system is shown in Figure
5.7. Note that the misalignment is performed only with respect to one axis at a time.

Figure 5.7: Implementation of the selected BPPs design whose paramet-érs are listed in Table 5.3.

Table 5.3: Measured circuit parameters and coils’ dimensions.

N L R M
(MH) | (mQ) (uH) (mm)
Ly | 17 | 252.5 620 Mz | M2 | My Xoverlap
Ly | 18 | 250.4 600 80.3 | 30.1 5.6 36
Lz | 15 | 167.0 520 Moy | M3g | M3 Zag
Ly | 14 | 161.8 500 76.8 | 17.7 6.7 95

turing tolerances and non-idealities of the materials used for the pads’ structure.

Figure 5.6 shows the variation of the coupled BPPs’ parameters depending on their
relative position. This considers that the receiving pad moves with respect to the three
dimensions coordinate system in Figure 5.7(a). The self-inductance is approximately
constant in the x- and y-direction, while it decreases by up to 5% in the z-direction. The
cross-coupling within the same pad, namely M;, and M34, stays roughly constant with
any misalignment, making it suitable to use the compensation capacitance to compen-
sate for that. This intuitively makes sense since those coils do not change their position
with respect to each other. On the other hand, the diagonal cross-coupling between
opposite BPPs, namely M;4 and Mas, is more sensitive to misalignment. The misalign-
ment in the y- and z-direction results in negligible M4 and M>3 since they are still lower
than % - Mb4. On the other hand, the misalignment in the x-direction influence greatly
the value of M;4 and M>3. For example, shifting the receiving pad along the positive x-
direction results in a drop of M4 whereas M>3 increases. This is because the coil with
L4 inductance moves further away from the coil with L; inductance while the coil with
L3 inductance becomes more aligned to the coil with L, inductance. For misalignment
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points greater than 1.3 cm, M;4 assumes a negative value. The physical reason for that is
illustrated in Figure 5.5(c), where it is clear that a negative magnetic flux might be con-
catenated to the coil with L, inductance when the receiving pad moves in the positive
x-direction. Due to the symmetry of the BPPs, similar considerations can be made for
the movement of the receiving pad along the negative x-direction.

5.3. LABORATORY PROTOTYPE

The equipment and the 7.7 kW implemented laboratory prototype in Figure 5.8 have
been used to prove the functionality of the V/I-D converter employing the BPPs in Figure
5.7. One bidirectional power supply has been used as the input voltage source, mimick-
ing the voltage from a grid-connected power factor correction (PFC) rectifier. A second
power supply has been employed as the load emulating the EV battery.

Power analyzer:
YOKOGAWA WT500

Oscilloscope:
YOKOGAWA DLM4058
2.5GS/s 500MHz

Computer:
TI LaunchPad control

Input power supply: Output power supply: Rectifier board: Inverter board: LaunchPad
Delta Elektronika SM500-CP-90 Delta Elektronika SM1500-CP-30 8xC4D15120D (1200V SiC diodes) 8xC2M0040120D (1200V SiC MOSFETs) TMS320F2837xD

Figure 5.8: Equipment and implemented 7.7 kW laboratory prototype of the V/I-D converter employing BPPs.

5.3.1. COMPENSATION CAPACITORS’ SELECTION

According to the cross-coupling compensation strategy explained in Section 5.2.2, each
series compensation capacitance must be computed from (5.3) considering f,=90kHz
such that the cross-coupling within the same BPP is compensated for the current dou-
bler mode. The case in which the BPPs are aligned has been considered for the calcula-
tion. Additionally, the absolute value of the currents mentioned in (5.3) can be computed
from (4.2) by setting all the cross-coupling terms to zero. The resulting compensation
capacitances and their implementation are listed in Table 5.4.

Table 5.4: Selected compensation capacitors. The values have been measured with a LCR meter at 85kHz.
G G Gs Cy
(nF) 14.9 14.9 20.7 21.6
(seriesx paralle)* | 4x18 | 4x18 | 4x25 | 4x26
*Unit capacitor: KEMET R76TF13305050] 3.3 nF (ESR=0.22 Q)

5.3.2. ANALYSIS OF THE OPERATING POINTS
Before validating the proposed V/I-D converter experimentally, the operating points cor-
responding to the different BPPs alignments have been analyzed through the analytical
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model defined in Section 4.2.1 at the rated output power of 7.2kW. Hereby, it is assumed
that V;, is regulated to deliver the rated output power. The range of V;, from 360V to
500V could be supplied by a single-phase grid-connected boost-like PFC rectifier in Eu-
rope (230 VRMS), which could be implemented as explained in [21] and [22].

In the following paragraphs, two analyses are executed. First, the advantages of
adopting the switching frequency of 79 kHz in the voltage doubler mode are proved against
the operation at 90kHz. After that, the expected operating points are evaluated in the
chosen voltage and current doubler modes.

VOLTAGE DOUBLER OPERATING AT EITHER 79kHz OR 90kHz

The operating points resulting from the two switching frequencies of the voltage dou-
bler mode are summarized in Figure 5.9, where the BPPs alignments in Figure 5.6 have
been considered. At the aligned position, the operating points from the two switching
frequencies are similar. However, when the misalignment occurs, the phase angle of the
primary currents ¢(I;) and ¢(I) is lower when operating at 79kHz than at 90kHz. This
translates into less circulating reactive current, lower switching losses of the H-bridge in-
verters, lower required V;,, and consequently, higher npc.to-pc. Note that the sharp de-
creases in 1pc-to-pc correspond to transitions into hard-switching operating areas. Ad-
ditionally, it must be considered that the V;,, required from the operation at 90kHz could
be up to 600V. Since this is considerably higher than the maximum voltage achievable
from the PFC rectifier, an extra voltage boost stage would be required to supply the H-
bridge inverters adding cost and complexity. These results confirm that operating the
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Figure 5.9: Analysis from the analytical model of the proposed V/I-D converter of the phase angle of the pri-
mary currents ¢(I1) and ¢(I2), the DC-to-DC efficiency npc-to-pc, and the required input voltage V;,, depend-
ing on the receiving coil’s misalignment in the x-, y-, z-direction. The misalignment is performed only with
respect to one axis at a time. The results suppose that the output power of 7.2kW is delivered when the V/I-
D converter operates as a voltage doubler, i.e., V=800V, while the inverters’ switching frequency is either
79kHz or 90kHz. The green-shaded areas denote the operating regions in which 79kHz brings a considerable
advantage in terms of pc_o-pc and ZVS turn-on capability of the H-bridge inverters.
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(V-D) = Voltage Doubler H-bridge inverter operates in hard-switching (¢> 0)
(I-D) = Current Doubler

V. is out of the availble range from the grid-connected PFC rectifier
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Figure 5.10: Analysis from the analytical model of the proposed V/I-D converter of the absolute value and
phase angle of I and I, the absolute value of I3 and I, the npc.to-pc, and the required V;,, depending
on the misalignment in the x-, y-, z-direction. The misalignment is performed only with respect to one axis
at a time. The results suppose that the output power of 7.2kW is delivered when the V/I-D converter operates
as either voltage doubler (V,;,+=800V,79kHz) or current doubler (Vy,:=400V,90kHz). The red-shaded areas
denote the operating regions in which the hard-switching of the H-bridge inverter occurs. The blue-shaded
areas indicate whether the required Vj;,, is out of the available range from the grid-connected PFC rectifier.

V/I-D converter at 79kHz is advantageous in the voltage doubler mode.
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VOLTAGE DOUBLER OPERATING AT 79kHz AND CURRENT DOUBLER OPERATING AT 90 kHz
The operating points resulting from both the voltage doubler and the current doubler
modes are shown in Figure 5.10. According to ¢(I1) and ¢(I»), the misalignment of the
receiving BPP in the x-direction pushes one primary current into the capacitive region
leading to the hard-switching of the respective H-bridge inverter. Those operating points
have been marked with red-shaded areas. At the same time, the other primary current
becomes more inductive, causing higher turn-off losses. Additionally, during the cur-
rent doubler mode, the current stress in the two primary and the two secondary circuits
would be unbalanced. This asymmetrical behavior is due to the opposite trend of the di-
agonal cross-coupling M), and M»3 with respect to the misalignment in the x-direction
shown in Figure 5.6. As a result, the npc.-to-pc could drop by up to 2% from the aligned
case, which is still reasonable. Nevertheless, the MOSFETs of the inverting stages must
be equipped with a suitable thermal management system to be able to withstand the
additional power losses introduced by the hard-switching operating points. It must also
be noted that the required V;, would still be within the available range from the grid-
connected PFC rectifier. These results make the proposed V/I-D converter with BPPs
more suitable for applications with a moderate misalignment profile in the x-direction.
This is generally the case of EV static wireless charging since the BPPs misalignment
would be constrained by the lateral size of the parking spot.

Moreover, Figure 5.10 shows that the proposed V/I-D converter with BPPs has good
misalignment tolerance with respect to the y-direction since the ZVS turn-on would still
be preserved. However, beyond a certain extent of misalignment, the required V;, is
lower than the minimum available (360V) from the PFC rectifier. This occurs in the op-
erating points marked with the blue-shaded areas in Figure 5.10, which correspond to
y > 8.8 cm for the voltage doubler mode, while the range y > 9.6 cm holds for the current
doubler mode. In those operating points, lower input voltage values can be achieved
by phase shifting the H-bridge inverter resulting in a lower fundamental component of
Vap and Vo p. For the considered misalignment, the npc-t-pc would drop by up to
2% since the same output power is reached with higher primary currents.

Similar phase-shift control of the H-bridge inverters is required for a certain extent
of misalignment in the z-direction, which ranges are z > 1.9 cm for the current doubler
mode and z > 2.5cm for the voltage doubler mode. This is due to the relatively high sen-
sitivity of the main mutual inductances M;3 and M, with respect to the misalignment
in the z-direction. In this case, the ZVS turn-on of the inverters would be preserved in
most operating points. Additionally, the npc-to-pc could drop by up to 4% since the same
output power is reached with higher primary currents.

5.4. EXPERIMENTAL RESULTS

Based on the analysis of the operating points executed in Figure 5.10, the proposed V/I-D
converter in Figure 5.8 has been tested with aligned and misaligned BPPs.

5.4.1. MEASURED EFFICIENCY AND CIRCUIT WAVEFORMS

Figure 5.11 shows the measured 1pc-to-pc and the applied V;, for the entire constant
current (CC) charging profile at different alignment conditions of the coupled BPPs. The
V/I-D converter operates in the current doubler mode at 90kHz delivering an output
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Figure 5.11: Measured DC-to-DC efficiency npc.-to-pc and used input voltage V;;,, depending on Vy; during
the CC charging mode. Measurements are performed with the coupled BPPs in the aligned and the misaligned
condition in the y-direction while the V/I-D converter operates as (a) current doubler and (b) voltage doubler.
Measurements performed with misaligned BPPs in either the x- or z-direction, while the V/I-D converter oper-
ates as (c) current doubler and (d) voltage doubler. Note that the misalignment is performed only with respect
to one axis at a time.
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Figure 5.12: Measured circuit waveforms at the nominal Vy;; and rated Py when the V/I-D converter oper-
ates with aligned BPPs as: (a) current doubler (Vj,:=400V), and (b) voltage doubler (Vy;,r=800V).
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current of 18A while the output voltage varies from 300V to 400V. On the other hand,
the V/I-D converter operates in the voltage doubler mode at 79kHz delivering an output
current of 9A while the output voltage varies from 600V to 800V.

The highest npc-to-pc has been measured at aligned BPPs. For instance, at the rated
power, the operation in the current doubler reached 96.34% efficiency, while 96.53% was
measured during the voltage doubler mode. The difference in efficiency between the
two modes is mainly because two more diodes are conducting in the current doubler
mode. This high efficiency is because the primary currents have the lowest amplitude
while delivering the rated output power. Additionally, they have the minimum inductive
behavior ensuring the ZVS turn-on of the H-bridges inverter with low turn-offlosses and
minimum circulating reactive current. These properties can be observed in Figure 5.12,
where it is also clear that the operation in the two modes is to some extent symmetrical,
resembling the ideal operation of the V/I-D converter illustrated in Figure 4.2.
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Figure 5.13: Measured circuit waveforms at the nominal Vy;¢ and rated Poy¢ when the V/I-D converter
operates with misaligned BPPs as: (a),(c),(e) current doubler (Vy,:=400V), and (b),(d),() voltage doubler
(Vour=800V). The misalignment is: (a),(b) x=1.3cm, (c),(d) y=8.5cm, and (e),(f) z=1.5cm. The misalignment
is performed only with respect to one axis at a time.

When the misalignment occurs, lower values of npc.to-pc are measured since the
required V;, to reach the same rated output power is generally reduced, translating into
higher primary currents and, consequently, greater conduction losses. Moreover, larger
asymmetries in the waveforms of the primary and secondary circuits can be noticed. For
example, Figure 5.13(a) and Figure 5.13(b) show that, as expected from Figure 5.10, the
misalignment in the x-direction leads to a considerable difference in the phase angle
of the two primary currents because of which one H-bridge is barely achieving the ZVS
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turn-on. Moreover, an asymmetry in the amplitude of the secondary currents can also
be observed during the current doubler mode in Figure 5.13(a). Overall, most of the
measured 1pc-to-Dc are greater than 95.4% which makes the proposed V/I-D converter
employing BPPs promising for EV wireless charging. The minimum 1pc.¢-pc of 94.83%
has been measured during the voltage doubler mode at y=+8.5cm. This is mainly due
to the considerable circulating primary currents and the relatively high turn-off current
point of the H-bridge inverters, which, as shown in Figure 5.13(c) and Figure 5.13(d), is
roughly double than in the respective current doubler mode.

It must be noted that all considered operating points in Figure 5.11 use a value of
Vin that the grid-connected PFC rectifier could provide. Moreover, the measured circuit
waveforms in both Figure 5.12 and Figure 5.13 show that the ZVS turn-on is guaranteed.
These results agree with the ones expected from the analytical analysis in Figure 5.10.

5.4.2. EXAMPLE OF A CC-CV CHARGING PROFILE

Figure 5.11 summarizes the measured npc-t-pc and the applied V;, focusing on the CC
charging profile of the EV battery since that operating mode would take place for the
majority of the charging process for the rated output power level of 7.2kW. However, the
complete charging profile consisting of the CC succeeded by the constant voltage (CV)
scheme can be realized by regulating the input voltage through the grid-connected PFC
rectifier or by the phase-shift control of the H-bridge inverters.

Figure 5.14 shows an example of the CC-CV charging profile realized with the pro-
posed V/I-D converter with aligned BPPs. It is assumed that V;, is set according to the
load, which information is given by the wireless communication required from the IPT
system for several features such as guided positioning, pairing, and safety. The measured
NDc-to-DC increases during the CC charging mode, while it would drop slightly during the
CV mode, where it is still higher than 96.2% for the considered operating points. All in
all, Figure 5.14 clearly shows that the V/I-D converter is a universal solution for charging
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Figure 5.14: Measured npc-to-pc and used V;,, during a typical battery charging profile with the CC and the
CV modes at aligned BPPs while the V/I-D converter operates as (a) current doubler, and (b) voltage doubler.
These results summarize that the V/I-D converter is a universal solution for charging 400V and 800V EV bat-
teries efficiently at the same power.
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400V and 800V EV batteries efficiently at the same power.

5.5. INTEROPERABILITY OF THE PRIMARY BPP WITH THE TEST
STATION VA WP2/Z2 rrROM SAE J2954

The focus of this section is assessing the performance of the V/I-D converter when it is
not working in its nominal condition. For instance, it is considered that the primary BPP
is coupled to a standardized secondary coil, resulting in the circuit schematic shown in

Figure 5.15.
MIJ MZJ M5J Mﬂ
A s Vin c D
O
] ? g 1 ? g
L,

PrimayCoits | L, | My L,
®Pp) |, R -1
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Figure 5.15: Equivalent circuit of the V/I-D converter when coupled with the standard receiving coil SAE J2954
VAWP2/Z2.

5.5.1. CIRCUIT AND ANALYTICAL MODELING
The equivalent circuit in the frequency domain is shown in Figure 5.16 where the EV
battery is replaced by the equivalent load R, in (5.6) defined by [23] and [24].

8 8 V2
Rye= — R = — 2 5.6
ac ][2 L 7[2 Pout ( )

Figure 5.16: Equivalent circuit in the frequency domain for analyzing the interoperability of the V/I-D con-
verter in Figure 5.15.

The equivalent circuit in Figure 5.16 is described by the Kirchhoff voltage law (KVL)
in (5.7). Thereby, the impedance Z; of each resonant circuit is defined in (5.8), and the
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mutual inductances My, M3, M»3 are expressed in (5.9). The input V4 g is taken as
the reference according to the phasor convention, which is defined in (5.10) through the
first-harmonic approximation, where V;, is the DC input voltage.

VAB =Z,1, +j(,()M12[2 +jwM13I3
VaB = joMpl, + ZoIs + joMysIg (5.7
0= jwM1311 + jwM23I2 + (Zg + Ruc)Ig

1
Z;=Ri+jwX;, Xij=wLi———: i=1.4 (5.8)
wCl-
Ml'hZMhl'Zkih\/LiLhi i,h=1.3ANi#h (5.9)
4
VaB=Vap1/0° = —Vin Vap1=Vepy (5.10)

Additionally, for a given processed power, the V/I-D resonant circuit’s efficiency 7,¢s
is defined in (5.11).
Rac|13 |2
Vap(IRe[I1]|+|Re[I2]])

The total DC-to-DC efficiency npc-wo-pc also takes into account the power losses of
the inverting and rectifying stages. Assuming that X; > 0 and X, > 0, the H-bridge in-
verters operate in zero voltage switching (ZVS) turn-on losses, meaning that the power
losses can be expressed as

(5.11)

MNres =

Pinv :4'Rds,on'

I\2 I)\2
)+
Additionally, since Cs is chosen such that X3 = 0, the rectifier's power losses are mainly
due to the diodes’ conduction:

8
+ Eoff(Mi) -fo (5.12)
i=1

Proct =8- VF(%)+I’(%)2 (5.13)

The parameters of the semiconductor devices can be extrapolated from their datasheet.

Finally, npc-to-Dc can be computed as

Pout

_to-DC = . 5.14
1DC-to-DC = Nres Pt Pryot Proc (5.14)

5.5.2. MAGNETIC COUPLING AND MISALIGNMENT
Figure 5.17 shows the magnetic arrangement in which the primary BPP is coupled to the
WPT2/Z2 standard rectangular coil in the aligned position. The variations of the self-
inductance and the mutual inductance depending on the misalignment are shown in
Figure 5.18.

When the two geometric centers are aligned, the secondary coil results in being mis-
aligned in the x-direction with respect to both coils of the BPP. The movement along the
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Figure 5.17: Coupled coils configuration in the aligned position. Primary (L; and Ly): implemented BPP for
the V/I-D converter. Secondary (L3): commercial rectangular coil manufactured by PREMO [25].
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Figure 5.18: Self-inductance and mutual inductance of the BPP primary coupled to the standardized secondary
depending on the misalignment, which reference is shown in Figure 5.17. Hereby, i,h = 1..3Ai # h.

x-axis would improve the mutual inductance with respect to one of the primary coils,
while the other one would worsen. On the other hand, the misalignment in only the
y-direction causes a similar drop in M3 and My4.

It is possible to notice that the mutual inductance between the two primary coils M;»
is not negligible since its value might be comparable to M;3 and M»3. This is because, as
explained in Section 5.2.3, the coupled BPPs have been designed to minimize the diag-
onal cross-coupling between opposite coils while the effect of the cross-coupling within
the same pad is balanced out through the compensation capacitors selection. Neverthe-
less, according to Figure 5.18, Mj» is not much dependent on the misalignment com-
pared to M3 and Mas.

The current flowing through the two coils of the BPP must have the same direction
such that the primary BPP assumes the character of a non-polarized pad which is prefer-
able when coupled to a rectangular pad. This means that the H-bridge inverters must
have the same modulation as in the voltage doubler switching scheme shown in Figure
4.2(a). Considering that I; and I, have the same direction, the presence of M;, would
push the primary currents further in the inductive region, preserving the ZVS turn-on of
the MOSFETs. Therefore, M), can be regarded as an extra positive reactance as shown
by the KVL in (5.7). Nevertheless, based on the misalignment profile in Figure 5.18, it is
important to assess the operating conditions of the circuit in Figure 5.15.
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5.5.3. OPERATING CONDITIONS

ASSUMPTIONS

Since the primary circuit stays unvaried, the value of both primary compensation capac-
itors results from the design of the V/I-D converter. For instance, C; and C, are the ones
listed in Table 5.4. Additionally, the compensation capacitance C3=74.88nF has been
selected for the secondary rectangular coil.

The required input voltage V;;, and the inverters’ switching frequency must be se-
lected such that the 400V EV battery is supplied with the target output power of 7.2kW,
translating into a charging current of 18 A. Moreover, it must be guaranteed that both
inverters operate in soft-switching. For these purposes, it is important to evaluate the
operating points resulting from the measured self and mutual inductance conditions
shown in Figure 5.18. Hereby, it is assumed that:

- Vinp canbe setin the range 360...500V that resembles the grid-connected boost-like
power factor corrector (PFC) rectifier, which could be implemented as explained
in [21] and [22];

- the operating frequency of the H-bridge inverters is constrained in the range al-
lowed by SAE J2954, i.e., 79...90kHz;

- the H-bridge inverters can be operated independently.

ANALYSIS

Figure 5.19 summarizes the resulting operating points depending on the misalignment
in the x-direction according to Figure 5.17. Specifically, the parameters that have been
computed from the analytical model of Section 5.5.1 are: the absolute value and phase
angle of the primary currents I, and I, the DC-to-DC efficiency npc-to-pc, and the re-
quired V;, to achieve a charging current of 18 A while the battery voltage is 400V. Two
options are investigated, i.e., whether operating either the two H-bridge inverters syn-
chronously or only one at a time.

The results in Figure 5.19(a) are a consequence of operating both H-bridge invert-
ers. The switching frequency of 84.5kHz has been selected to ensure that the primary
currents are inductive, i.e., they have a negative phase angle, to achieve the ZVS turn-on
of the inverters while the required V;;, is in the range covered by the PFC rectifier. When
the receiver coil is placed in the aligned position (Ax=0), the current through the primary
coils is relatively balanced, and the maximum 7pc.o-pc is expected. On the other hand,
the misalignment along either the positive or the negative direction of the x-axis would
improve the mutual inductance with respect to the more proximate primary coil while
worsening the other. This translates into an exponential increase of the current in the
primary coil with lower mutual inductance. This considerably increases the conduction
losses in one of the primary circuits, resulting in the degradation of the total npc-to-nDC
up to 20%. This is not acceptable according to the minimum efficiency requirements set
by SAE J2954. Moreover, the winding of the primary coils is not rated to withstand such
high current densities.

On the other hand, Figure 5.19(b) shows the operating points resulting from the case
in which only one H-bridge inverter is operated at the time. Specifically, V4 g drives the
primary circuit when Ax <0, while Vo p drives the primary circuit when Ax =0. When
the misalignment in the x-direction occurs, the coupling between the activated primary




!

5. ADVANCED AND COMPACT VOLTAGE/ CURRENT DOUBLER CONVERTER USING BIPOLAR

156 PADS
Vg & Vep @84.5 kHz V., @87 kHz ¥, @87 kHz
70 . - — e — 0
60 = =US E 20 i
~. > !
20 N U
T 40 < " Z |mmedy
= 30 S~ R o)
= 20 R S x
operatin,
[ A | 5 [ atea©
10 B B -100
ol . NNEESEENN K | .| B 120
96 T T T T T T T T T T T T T T T R ——— 650
4 T~ P
92 - ~ S 600
7 N
- s N
X 88 4 A \ A 550 — = = "Ipc.to-DC
Q / B \ B B Z in
2 84 \ 500 "o
R y N Ax
|} operatin;
:Q 30 \\ 450 a?ea ¢
76 \ 400
\
i NN BEENS KL = SN
-8 4 0 4 8 -8 -4 0 4 8
Ax (cm) Ax (cm)

(a) (b)
Figure 5.19: Analysis of the absolute value and phase angle of I; and I, the DC-to-DC efficiency npc-to-DC»
and the required input voltage V;, depending on the receiving coil’s misalignment in the x-direction. The re-
sults suppose that a 400V battery is charged at 7.2kW. (a) Both H-bridge inverters are operated synchronously
at 84.5kHz, resulting in the two inverted voltages V4 g and V(o p being applied to the primary circuits. (b)
Only one H-bridge inverter at the time is operated at 87kHz. Specifically, Vo g drives the primary circuit when
Ax <0, while Vo p when Ax =0. The shaded areas denote the preferred operating regions.

coil and the secondary coil increases. This lowers the current stress in the primary cir-
cuit for the same target output power resulting in higher power transfer efficiencies. This
analysis considers that, by operating one primary coil at a time, the equivalent AC resis-
tance of the primary coil is lower than in Figure 5.19(a) since the proximity effect be-
tween the two primary coils becomes negligible. Additionally, it must be noted that, in
this operating mode, the M;, does not contribute to the inductive behavior of the pri-
mary current. Therefore, when only one H-bridge inverter is operated, the switching
frequency of the H-bridge inverter is increased to 87kHz to ensure the ZVS turn-on of
the inverter.

SELECTED OPERATING STRATEGY

One of the two operating modes in Figure 5.19 would be selected to deliver power to the
secondary coil depending on the coils’ alignment. When the receiver coil is placed in the
aligned position, it is preferable to use both H-bridge inverters to transfer the power to
the load, which results are shown in Figure 5.19(a). This choice would limit the current
density through the primary coils leading to the highest achievable efficiency. This is also
valid when the receiver coil is misaligned in the y-direction since, according to Figure
5.18, both M;3 and M3 would drop proportionally. In that case, the output power would
be regulated by controlling V;,. When the misalignment in the x-direction occurs over a
certain threshold, only the primary coil with higher coupling to the secondary coil would
be energized.
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Examples of possible operating ranges are shown in Figure 5.19 by the green-shaded
areas denominated as A and B. Choosing the perimeter of A as the threshold between the
two operating modes ensures that the 7pc-to-pc is always maximum. On the other hand,
the threshold can be selected based on other criteria such as the maximum allowed cur-
rent stress through the primary coils to limit their temperature rise. This is the case for
the operating area B which constraints the maximum peak current to 30A.

5.5.4. EXPERIMENTAL RESULTS

To verify the interoperability of the V/I-D converter when the coupled coils consist of
the ones in Figure 5.17, the hardware in Figure 5.20 has been used operating at the rated
output power of 7.2kW. The Delta Elektronika bidirectional power supplies SM500-CP-
90 and SM1500-CP-30 are used as the input and output voltage sources. The input power
supply mimics the grid-connected boost-like PFC rectifier. The output power supply
emulates the EV battery voltage for the whole CC charging mode. It is assumed that V;;,
is set according to the load, which information is given by the wireless communication
required from the IPT system for several features such as guided positioning, pairing,
and safety.

@

3
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8xC4D15120D
(1200V SiC diodes)

Inverter + % 8xC2M0040120D KEMET R76TF13305050J EPCOS B32671L
TI LaunchPad (1200V SiC MOSFETs) (3.3 nF) (6.8 nF)

Figure 5.20: Implemented inverter, rectifier, and compensation networks with the relative devices.

Figure 5.21 and Figure 5.22 show the measured waveforms at differentload and coils’
alignment conditions together with the relative npc-to-pc. The measured npc-to-pc and
used V;, throughout the entire CC charging are plotted in Figure 5.23 resulting from
different coil alignments.
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Figure 5.21: Measured circuit waveforms at I, =18 A together with the relative DC-to-DC power transfer effi-
ciency at different coils’ alignments where the reference axes are shown in Figure 5.17. Aligned coils and Vjyr=
(a) 300V, (b) 400V.
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Figure 5.22: Measured circuit waveforms at Iy, r=18A together with the relative DC-to-DC power transfer
efficiency at different coils’ alignments where the reference axes are shown in Figure 5.17. Misalignment
Ay=+6cm and Vyyr= (a) 300V, (b) 400V. Misalignment Ax=-9.5cm and Vpy;= (c) 300V, (d) 400V. Misalign-
ment Ax=+9.5cm and V= (e) 300V, (f) 400V.
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Figure 5.23: Measured DC-to-DC efficiency npc-to-pc and used input voltage V;,, for the entire CC charging
profile and at different coils’ alignments. The dotted lines show the expected results from the analytical model.

D1SCUSSION

When the two geometric centers are aligned, the secondary coil is misaligned with re-
spect to both primary coils causing higher primary currents for the same output power.
This results in the measured npc.-to-pc being lower when the coils are aligned than when
the secondary coil is misaligned along the x-axis. Additionally, the effect of M;, pushes
the primary currents further into the inductive region, worsening the H-bridge inverters’
turn-off losses. The highest n7pc-to-pc has been measured when the L3 is aligned with L,
(Ax=9.5cm) due to their shorter air gap, resulting in a lower input current for the same
output power. For instance, efficiencies higher than 95% have been measured for most
of that charging profile. Two other factors contribute to the higher measured efficiency
when only one H-bridge at a time is operated. One is the lower equivalent AC resistance
of the primary coil since there is a great reduction of the proximity effect between the
two primary coils. The other is the reduced turn-off power losses since the H-bridge
inverter operates closer to the resonant frequency. Nevertheless, all the considered op-
erating points are achieving the ZVS turn-on of the H-bridge inverters as shown in Figure
5.21 and Figure 5.22.

It must also be noted that, with this implementation, the current density of the pri-
mary coils is considerably higher than the intended from the nominal design with the
coupled BPPs. This leads to a higher winding temperature and, consequently, higher re-
sistance. If the primary BPP has to support interoperability, it is preferable to oversize
the primary coils’ Litz wire to reach an overall higher efficiency.

In the CC charging profile of Figure 5.23, it is assumed that the battery voltage ranges
from 300V to 400V. The utilized V;;, mostly ranges from 360V to 470V which could be im-
plemented in the European phase-to-neutral 230 VRMS network through a single-phase
grid-connected PFC rectifier. Lower V;;, values could be achieved by phase-shifting the
inverters to decrease the fundamental component of V5.
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5.6. CONCLUSION

This chapter has proposed, analyzed, and experimentally verified an advanced and com-
pact V/I-D converter using series-compensated BPPs, which can efficiently provide the
same power level to both 400V and 800V batteries without affecting the current rating
of the converter’s circuit components. The power-flow control is performed only at the
source side, simplifying the circuit onboard the EV. The V/I-D converter has two oper-
ating modes. The voltage doubler mode is suitable to charge 800V batteries, while the
current doubler mode is suitable to charge 400V one. An extensive analysis of the un-
desired cross-coupling between the two BPPs has been performed to evaluate how it
impacts the power transfer. It has been found that it is preferable to design the coils’
overlap area such that the diagonal cross-coupling between opposite BPPs is negligible.
On the other hand, the effect of the cross-coupling between the two coils in the same
BPP can be compensated by selecting the compensation capacitances. The function-
ality of the converter has been tested experimentally with a laboratory demonstrator at
different coils’ alignments in the x-, y-, and z-direction and for load conditions typical of
EV charging profiles. At 7.2kW and with aligned BPPs, the DC-to-DC efficiency of 96.34%
and 96.53% has been measured at 400V and 800V, respectively. High efficiency and the
ZVS turn-on of the H-bridge inverters are maintained throughout most operating con-
ditions. The misalignment concerning the lateral x-direction results in the most critical
operating conditions since it causes an unbalance between the two diagonal mutual in-
ductances, eventually leading to the hard-switching of one H-bridge inverter. Neverthe-
less, the power transfer efficiency is expected to be higher than 94% for a misalignment
in the x-direction up to +5 cm, typical of static EV wireless charging. Additionally, the in-
teroperability of the proposed V/I-D converter has been proved when the primary BPP
is coupled with a standardized rectangular coil, e.g., the VA test station WPT2/Z2 from
SAE J2954. This is important because it enlarges the usability of the proposed converter.
The analytical modeling and the intended operation have been discussed. Specifically,
one or both H-bridge inverters are energized depending on the coils’ alignment. These
conditions have been validated through experimental results for the whole CC charg-
ing mode and different alignments. The measured DC-to-DC efficiency ranges between
92.86% and 95.22%, which is relatively high considering that this is not the intended op-
eration of the V/I-D converter.
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CONCLUSION

This thesis has explored different aspects of inductive power transfer (IPT) systems for
static wireless charging of electric vehicles (EVs), where the power levels of 3.7kW and
7.7kW have been used for the experimental verification. This study started with the anal-
ysis of conventional IPT systems to identify their main features and advantages. After
that, two main research concepts were proposed and experimentally proved. The first
concept consists of a variable compensation capacitance, while the second is related to
the interoperability of IPT systems with EVs having different nominal battery voltages.

6.1. REGARDING THE RESEARCH QUESTIONS

1. Which are the most suitable compensation networks for EV wireless charging?
According to Chapter 2, the series-series (S-S) and the double-sided LCC (DLCC) are
the most suitable compensation networks among the most commonly used ones in EV
wireless charging applications. The components’ tuning of both compensations is in-
dependent of the mutual inductance between the coupled coils and the loading con-
dition. Moreover, the S-S and the DLCC compensation can be directly powered by a
voltage source H-bridge inverter with soft-switching capability. They also have a load-
independent output current that allows a direct connection of the output high-frequency
rectifying stage to the EV battery. Since the S-S compensation employs the least num-
ber of components, it can potentially reach the highest power transfer efficiency. How-
ever, its output current is inversely dependent on the coils’ mutual inductance, which
might be unsafe for the IPT system, especially in applications in which the mutual in-
ductance changes in a large range, e.g., in dynamic EV wireless charging. Moreover, its
power transfer characteristic strongly depends on the coupled coils’ mutual inductance,
meaning that, given the input constraints of the IPT system, it might not be possible to
deliver the target output power without the use of additional DC/DC converters. For this
reason, this thesis has proposed a design guideline for IPT systems using the S-S com-
pensation based on the selection of coupled coils. Specifically, their nominal mutual
inductance must match a target value that depends on the constraints set by the specific
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application, i.e., the DC input voltage available from the grid connection, the DC output
voltage set by the battery, the target output power, and the selected operating frequency.
Even though the DLCC compensation can theoretically reach lower power transfer effi-
ciencies since it employs more passive components, its power transfer capability is not
limited by the coupled coils’ mutual inductance. With the DLCC compensation, the
nominal output power delivered by the IPT system can be advantageously selected by
tuning the compensation inductances. Moreover, the load-independent output current
in the DLCC compensation is directly dependent on the coils’ mutual inductance re-
sulting in an intrinsically safe IPT system over the misalignment. For this reason, it is
convenient to employ the DLCC compensation in applications where the coils’ mutual
inductance varies in a large range, simplifying the circuit protections. Alternatively, the
DLCC compensation can be used when the coils’ mutual inductance is far from the tar-
get one for the S-S compensation to avoid the adoption of additional DC/DC converters
to deliver the nominal output power. Furthermore, it has been shown that the opposite
dependence of the S-S and the DLCC output currents with respect to the coils’ mutual
inductance can be used in hybrid compensation networks employing both the S-S and
DLCC compensations to realize a self-balancing output power over the misalignment.
Finally, it must be noted that the implemented laboratory demonstrators employing the
S-S and the DLCC compensations have reached remarkable DC-to-DC power transfer
efficiency for the considered power level. For instance, when using the S-S compensa-
tion, Chapter 2 shows a measured DC-to-DC peak efficiency of 96.24% at the maximum
considered coupling condition for an output power of about 3.3kW with 400V DC out-
put voltage. On the other hand, when considering the DLCC compensation, Appendix B
shows a measured peak efficiency of 95.23% at the maximum considered coupling con-
dition for an output power of about 3.1 kW with 400V DC output voltage.

2. Is it advantageous to employ variable compensation networks to mitigate the effects
of misalignment on the IPT systems’ performance?

In conventional IPT systems, the available variables to control the power transfer are
the input voltage, the output voltage, and the operating frequency. Employing a variable
compensation component or network introduces an additional control variable, i.e., the
circuit’s resonant frequency. Chapter 3 has proposed and demonstrated an efficiency en-
hancement strategy based on variable series compensation capacitors that change the
natural resonant frequency of the IPT system to make the optimum load condition that
minimizes the power losses invariant of the coil’s mutual inductance. This proposed
method is called constant optimum load (COL). The main advantage of this solution is
the elimination of voltage control at the load side. Only the input power is regulated
through the grid-connected power factor correction (PFC) rectifier, ensuring that the
COL condition is met while the battery voltage increases during the charging cycle. The
variable series compensation capacitor has been realized at both the primary and the
secondary circuits as a switch-controlled capacitor (SCC), where two implementations
have been tested, namely the half-wave and the full-wave modulation. The half-wave
modulation results in overall higher efficiency than full-wave modulation, with 96.30%
for the input power of 3.2kW and at the maximum coils’ alignment. For the same power
and minimum alignment, the efficiency drops only by 0.27%. The minimum measured
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efficiency is 95.68% at partial load and minimum coupling. On the other hand, at 3.2kW
and maximum magnetic coupling, the full-wave modulation results in 96.18%, and the
efficiency drops by 0.42% at the minimum alignment. When misalignment occurs, the
system using SCCs with half-wave modulation is more efficient than the conventional
S-S compensation with fixed capacitors. The efficiency gain is up to 0.68% at partial
load. Additionally, the current distortion introduced by using SCCs and conventional
capacitors as series compensation has been analyzed to preliminary assess the radi-
ated magnetic field in the higher frequency domain. By computing the current’s fast
Fourier transform (FFT) up to 30MHz, the SCCs using the half-wave modulation have
been found to introduce the highest total lumped distortion because of their asymmet-
rical operation. However, in correspondence to the critical frequencies of the limits set
by SAE ]J2954 on the radiated magnetic field, the amplitude of the single harmonic com-
ponents is comparable to or lower than in the other implementations. After that, the
radiated magnetic field from each configuration was evaluated through finite element
method (FEM) analysis. The results at 10 m distance are all far below the electromag-
netic compatibility (EMC) limits from SAE J2954 up to 30 MHz. When considering the
human exposure limits set by ICNIRP, a minimum distance of 25 cm from the outer sides
of the coupled coils ensures a safe magnetic field level for both the general public and
implanted medical devices, which has been confirmed experimentally. All in all, consid-
ering the resulting high power transfer efficiency and the compliant radiated magnetic
field for a coil’s misalignment range and throughout a charging cycle typical of a 3.7kW
static EV wireless charger, this research has proved the suitability and advantage of the
proposed COL charging method using variable compensation capacitance.

3. How can EVs with different nominal battery voltage levels be charged efficiently at the
same power class?

Chapter 4 and Chapter 5 have proposed and demonstrated the functionality of the
novel voltage/current doubler (V/I-D) converter, which consists of a universal IPT sys-
tem that can efficiently charge at the same power level EVs with 400V and 800V battery
voltages. As a result, the available power from an IPT charging station can be fully uti-
lized when delivering wireless power to any EV, ensuring optimal interoperability with
different battery voltages. The V/I-D comprises two sets of series-compensated coupled
coils, i.e., two primary and two secondary coils, connected to a dedicated H-bridge con-
verter. The power transfer control is implemented only at the primary side by operating
the two H-bridge inverters with the same modulation, suitable for 800V batteries, or op-
posite modulation, suitable for 400V batteries. The power losses are ideally the same in
the two operating modes since all components would conduct the same current. The
secondary circuit is composed of only passive devices, resulting in a simple and cost-
effective onboard circuit that does not require active control. This is a key advantage
with respect to the alternative conventional solution that employs an additional output
DC/DC converter that would operate when the battery voltage differs from the nominal.
The proposed V/I-D converter was experimentally verified at 7.2kW with two different
coils’ configurations. The first arrangement employs two physically separated sets of
rectangular coupled coils, which results in a functionality close to the ideal intended
one. Considering that the battery voltage could be either 400V or 800V, the peak DC-to-
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DC efficiency of 97.11% and 97.52% were measured with aligned coils, respectively. Fur-
thermore, the second arrangement consists of a more compact implementation since it
employs bipolar pads (BPPs) in which the two rectangular coils at each circuit side are
deployed on the same ferrite layer. The DC-to-DC efficiency of 96.34% and 96.53% has
been measured with aligned BPPs at 400V and 800V, respectively. The lower efficiency
resulting from the BPP magnetic arrangement is mainly caused by the power losses due
to the eddy currents in the BPPs’ aluminum shield, which was not used for the rectangu-
lar coils. Additionally, by regulating the DC input voltage in the range that a PFC rectifier
could provide and the operating frequency within the range 79-90kHz allowed by SAE
J2954, the functionality of the V/I-D converter was proved under different misalignment
profiles and loading conditions achieving overall DC-to-DC efficiencies over 94%. Fi-
nally, the interoperability of the proposed V/I-D converter has been proved experimen-
tally when the primary BPP is coupled with a standardized rectangular coil, i.e., the VA
test station WPT2/Z2 from SAE J2954. This is important because it enlarges the usability
of the proposed converter by guaranteeing interoperability with different receiving coils’
topologies.

4. How does the cross-coupling affect IPT systems with multicoil magnetic pads?

IPT systems with multicoil magnetic configurations are subjected to unwanted cross-
coupling. The effects of the cross-coupling on the power transfer have been analyzed in
Chapter 4 and Chapter 5, considering the two magnetic arrangements used for the V/I-
D converter. Nevertheless, these conclusions can be applied to other IPT systems with
similar coils’ structures. Two instances of unwanted cross-coupling have been identi-
fied. The first corresponds to the cross-coupling between coils at the same circuit side,
e.g., two adjacent primary coils, which is roughly constant since these two coils do not
move with respect to each other. On the other hand, the second one is the diagonal
cross-coupling between coils at opposite circuit sides, which is likely to vary when the
misalignment occurs. Moreover, it has been found that the mutual inductance between
two coils can have either a positive or a negative value depending on the direction of its
concatenated magnetic flux. As a result, the effect of the cross-coupling on the power
transfer highly depends on the sign of the mutual inductance. In the case of physi-
cally separated consecutive rectangular coils, it has been found that placing them next
to each other with a minimum distance equal to their length would ensure that their
cross-coupling would have negligible effects on the power transfer and performance of
the IPT system even in the presence of a lateral misalignment ~1/3 of their distance. In
the case of coupled BPPs, minimizing one of the two instances of cross-coupling is pos-
sible by selecting the overlap area of the coils within the same BPP. It has been found that
it is preferable to design the coils’ overlap area such that the diagonal cross-coupling be-
tween opposite BPPs is negligible since that cross-coupling directly influences the power
transfer characteristic between the primary and the secondary circuits. The lateral mis-
alignment that causes an unbalance between the two diagonal cross-coupling is the
most critical since it might lead to the hard-switching of one H-bridge inverter. There-
fore, applications with a moderate misalignment profile in that direction are preferred,
or alternatively, the inverter’s terminal management must be adequately designed to
stand the switching losses in those operating conditions. On the other hand, the effect
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of the cross-coupling between the two coils in the same BPP can be minimized by se-
lecting the compensation capacitances, which is particularly beneficial considering that
this cross-coupling is approximately constant over the misalignment.

6.2. FUTURE WORK

Considering the research performed in this thesis, the natural next step would be to ex-
plore whether is advantageous to employ a variable compensation capacitance in the
V/I-D converter with BPPs. This could be beneficial to mitigate the effects of the cross-
coupling on the power transfer, e.g., to maintain the soft-switching of the H-bridge in-
verters for a larger misalignment range. It would be preferable to adopt a variable com-
pensation just at the primary circuits since there is where the proposed V/I-D converter
realizes the power transfer control, and the secondary circuit can still be composed of
passive components, forming a simple and cost-effective onboard circuit.

An additional challenging research direction is guaranteeing interoperability between
different IPT systems used for EV charging. This is especially important when consider-
ing the commercial development of this technology, such that it can be used on a mass
scale. Innovative solutions could be found that go beyond the available industrial stan-
dards on this application. Interoperability must comprise different coils’ topologies and
battery implementations, which becomes even more critical in dynamic wireless charg-
ing due to the extreme misalignment profiles.

Another important aspect to be researched is the scalability of IPT systems for higher
power levels to allow faster battery charging cycles. At the same time, these high-power
applications must guarantee compliance with EMC regulations and the safety exposure
of humans to the radiated magnetic field. Eventually, for these higher power levels, im-
proved magnetic field shielding techniques must be investigated.

Finally, other promising applications that can benefit from IPT systems can be ex-
plored further. One example could be wireless charging for ships and maritime vehicles,
environments that particularly benefit from galvanic isolation. Another one could be us-
ing IPT systems to electrify rail-based transportation without the use of overhead cables,
which could be used for trams or trains.
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CONSTRAINTS AND REQUIREMENTS
FROM INDUSTRIAL STANDARDS
AND REGULATIONS ON EV
WIRELESS CHARGING

A.1. INTRODUCTION

Since 2015, standards and regulations on EV wireless charging systems have been re-
leased such that common constraints can be defined to guarantee interoperability and
safety. Therefore, it is essential to be aware of these regulations to ensure that the re-
search solutions have industrial relevance.

This appendix chapter focuses on the available regulations and standards on EV charg-
ing through WPT. At the current publication date of the thesis, these standards are IEC
61980 series, ISO 19363, SAE ]J2954, IEC PAS 63184, and SAE J2847/6. IEC 61980-2 and
SAE J2847/6 define the requirements for the communication between the EV and the
wireless charging station. Hereby they are not discussed further since the wireless com-
munication protocol has not been used in this thesis. IEC 61980-1, IEC 61980-3, ISO
19363, SAE J2954, and IEC PAS 63184 are first explained individually from Section A.2 to
Section A.5. After that, they are compared mainly in terms of the electromagnetic com-
patibility (EMC) and exposure of humans to the radiated magnetic field limits in Section
A.6. To gain a better understanding, a quantitative and qualitative interpretation of these
limits is also given. The main conclusions on the topic are given in Section A.7.

This appendix chapter is the 2022 updated version of:

- E Grazian, W. Shi, J. Dong, P. van Duijsen, T. B. Soeiro and P. Bauer, "Survey on Standards and Regula-
tions for Wireless Charging of Electric Vehicles", 2019 AEIT International Conference of Electrical and
Electronic Technologies for Automotive (AEIT AUTOMOTIVE), pp. 1-5.
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A.2.IEC61980

The International Electrotechnical Commission (IEC) has published the standard IEC
61980 on electric vehicle WPT systems in the three following parts. Part 1 and part 3 are
the most related to the content of the thesis, and they are discussed in the next sections.

- IEC 61980-1, Part 1: General requirements.

- TIEC 61980-2, Part 2: Specific requirements for communication between electric
road vehicle (EV) and infrastructure.

- IEC 61980-3, Part 3: Specific requirements for magnetic field wireless power trans-
fer systems.

A.2.1.IEC61980-1

This is an international standard released in the first edition in July 2015. At the current
date of this thesis, this has been replaced by the second edition published in November
2020, which stability date is 2025 [1]. IEC 61980-1 is the first part of the IEC 61980 series
that only focuses on general requirements.

IEC 61980-1 concerns generic aspects of WPT such as use cases, electrical safety,
electromagnetic compatibility (EMC), and electromagnetic field (EMF) exposure, which
are common for all possible wireless power transfer technologies, such as inductive power
transfer (including magnetic resonance), capacitive power transfer, microwave power
transfer (1-300 GHz), infrared power transfer (300 GHz-400 THz).

The transfer power classes, efficiency, interoperability, and communication are not
specified here, they are part of the specific requirements for each transfer technology.
The installation of the WPT charging system could be either ground mounted (in-ground,
on-ground, or over-stand), vertical surface mounted, or on-roof mounted. The system
can be designed either for indoor use, outdoor use, or industrial areas exposed to pollu-
tion and/or severe condition. Environmental tests must be executed to asses the WPT
system compliance with IEC 61851-1 and ISO 19363.

EMC limits are defined in this standard, which are essential constraints for the devel-
opment of this technology. Both immunity and disturbance requirements are specified,
and each of them treats conducted and radiated perturbations. The immunity require-
ments refer to IEC 61000-4.

On the other hand, the disturbance requirements are divided into two groups de-
pending on the frequency range. The low frequency (LF) range is regulated by IEC 61000-
3 which sets limits for harmonics, voltage fluctuation, and flicker with respect to the AC
power input port. For what concerns the radio frequency (RF) ranges, these are catego-
rized as shown in Table A.1. Since the WPT system is classified as equipment of group
2 according to Annex A of CISPR 11:2015 and therefore, it needs to be compliant with
the group 2 limits. Moreover, depending on the environment in which the WPT system
is supposed to be used, that can belong to two different classes. Class A equipment is
suitable for any environment other than residential, and class B equipment is suitable
for residential and domestic environments.

The conducted disturbances at the AC power input port refer to the limit specified by
CISPR 11, while the conducted disturbances at the wired network port refer to CISPR 32.

According to Table A.1, the limits on the radiated disturbances are divided into three
frequency ranges. The radiated disturbances in the first frequency range going from
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Table A.1: Categorization of EMC disturbances according to IEC 61980-1. [1]

Port Phenomenon Frequency range

AC power input Conducted disturbances 150kHz to 30 MHz

Wired network 150kHz to 30 MHz
9kHz to 150kHz

Enclosure Radiated disturbances 150kHz to 30 MHz
30MHz to 1GHz

9kHz to 150kHz are regulated according to the limits in Figure A.1. These regulate the
quasi-peak (QP) magnetic field strength for WPT systems measured at 10 meters dis-
tance, where differentiation is made between equipment of class A and B. Within each
class, there are two limits that depend on the used input power. It is mentioned that if
class B equipment with a rated AC mains power of > 3.6 kW does not satisfy the limits
in Figure A.1, it should at least fulfill those limits with a greater tolerance of 15 dB. In
that case, the equipment is not meant to be used in an environment with sensitive de-
vices within 10 meters. Additionally, if the fundamental frequency of the WPT is below
150kHz, the limits in Figure A.1 can be relaxed by 10 dB in correspondence of the second,
third, fourth and fifth integer harmonics of the fundamental frequency.
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Figure A.1: IEC 61980-1 limits on the quasi-peak magnetic field strength from 9kHz to 150kHz for either A or
B class equipment. These limits depend on the utilized AC input power. [1]

The radiated disturbances in the second frequency range going from 150kHz to 30 MHz
are regulated according to the limits in Figure A.2. These regulate the QP magnetic field
strength for WPT systems measured either at 3 meters or 10 meters distance, where dif-
ferentiation is made between equipment of class A and B. In this case, no distinction is
made based on the input power rating.

For comparison purposes, the limits in Figure A.1 and Figure A.2 at 10 meters dis-
tance have been plotted in Figure A.3 such that the entire frequency spectrum from 9kHz
to 30MHz is represented.

Finally, the disturbance limitations for the third frequency range from 30MHz to
1000MHz are proposed only in terms of the electric component of the field. These lim-
its at 3 meters distance are reported in Figure A.4 for both classes. The limitations at 10
meters distance have the same trend as the ones in Figure A.4 with an offset of -10 dB.

For what concerns the EMF restrictions for human exposure, it is mentioned that
the WPT system must not cause malfunction of cardiac implantable electronic devices
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(CIED) present in the proximity. However, specific limits are defined in the specific parts
of the WPT technologies.
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Figure A.2: IEC 61980-1 limits on the magnetic field strength from 150 kHz to 30 MHz, for both class A and B
types of equipment (CISPR 11 Group 2 Class A). [1]
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Figure A.3: IEC 61980-1 limits on the magnetic field strength from 150 kHz to 30 MHz for both class A and B
types of equipment (CISPR 11 Group 2 Class A). [1]
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Figure A.4: IEC 61980-1 limits on the 30-1000 MHz electric field strength for both class A and B types of equip-
ment, at 3 meters distance (CISPR 11 Group 2). [1]

A.2.2.TEC61980-3

This is an international standard that was first released as a technical specification in
June 2016. At the current date of this thesis, this has been replaced by the first edition
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published in November 2022, which stability date is 2024 [2]. IEC 61980-3 concerns mag-
netic field wireless power transfer (MF-WPT) systems for stationary wireless charging,
and the transfer power classes, Z-classes, misalignment tolerance, test conditions, and
design references are the same as SAE J2954. The supply device is categorized as sta-
tionary equipment with surface or flush mounting or as non-stationary equipment. The
minimum efficiency is 85% at the nominal coils’ alignment and 80% under misalign-
ment. Guidelines on the coils’ positioning and interoperability are also discussed, which
are in line with SAE J2954. For what concerns EMC and human exposure limits, the ones
defined in IEC 61980-1 are valid. It is specified that CISPR B will be taken as a reference in
the future for the radiated emission limits from 9kHz to 150kHz, which will be published
as part of CISPR 11.

It must be noted that informative references for the wireless charging of heavy-duty
EVs are also proposed, where electrical and mechanical guidelines are given. These
specifications cannot be found in the other available standards. In the case of heavy-
duty EVs, IPT systems consist of a multi-phase circuit, and the operating frequency of
the inverter can be selected as either 20kHz or 60kHz.

A.3.1S0 19363
ELECTRICALLY PROPELLED ROAD VEHICLES - MAGNETIC FIELD WIRELESS

POWER TRANSFER - SAFETY AND INTEROPERABILITY REQUIREMENTS

This is an intentional standard that was first released as a publicly available specifica-
tion (PAS) in January 2017 by the International Organization for Standardization (ISO).
After that, it was revised and replaced in April 2020 [3]. This specification is intended to
be compatible with the IEC 61980 series. In particular, ISO 19363 treats magnetic field
power transfer for car passengers and light-duty vehicles in stationary and unidirectional
applications. An example of a WPT system structure is shown in Figure A.5. The whole
transmitter system is called ground assembly (GA), and the receiver one is called vehicle
assembly (VA). The WPT technology chosen is inductive power transfer using magnetic
resonance. The GA and the VA are coupled through their respective coils and use wireless
communication.

WPT system
T T T T T T T T T T T T T
! _GA- Ground side subsystem VA- Vehicle side subsystem '
__________________________________________________ 1 1
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Figure A.5: Example of WPT system structure first proposed by ISO 19363. [3]

This specification has several common characteristics with IEC 61980 and SAE J2954.
For what concerns EMC, ISO 19363 refers to CISPR 11 and, as mentioned in Section A.2.2,
radiation limits specifically for this technology will be included in a future version of that
standard. For EMF human exposure, this document refers to the Guidelines of ICNIRP
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2010 for the general public. Requirements and validation guidelines are also provided
to ensure the safety of active implantable medical devices (AIMDs). These limits will be
discussed in Section A.6.2.

A.4.SAE J2954
WIRELESS POWER TRANSFER FOR LIGHT-DUTY PLUG-IN/ ELECTRIC VE-

HICLES AND ALIGNMENT METHODOLOGY

SAE J2954 is a standard released by the Society of Automotive Engineers (SAE) which
provides specific guidelines and technical references for the design of EV WPT charging
systems in the United States of America. The first edition was published in May 2016
as a technical information report (TIR), which was revised in November 2017. The sec-
ond edition of SAE J2954 recommended practice (RP) was published in April 2019 as an
evolution of SAE TIR J2954 based on experimental interoperability data. After that, com-
plete revisions of SAE J2954 were released in October 2020, and, at the current date of
publication of this thesis, the latest races back to August 2022 [4]. SAE J2954 aims to har-
monize with the other standard developing organizations, such as ISO and IEC, seeking
aworldwide 11.1kVA WPT standard, practical to commercial applications.

SAEJ2954 presents technical guidelines for wireless charging of light-duty EVs (<4545
kg), which works using stationary and unidirectional WPT charging. This WPT system is
designed for EVs compliant with J1772 plug-in charging, such that the battery manage-
ment system could be modified to allow both charging technologies. The WPT system
schematic has been harmonized with the one of ISO 19363, shown in Figure A.5. Gener-
ally, WPT systems are composed of functional elements that have:

- apower transfer function;

- acommunication function;

- safety-related functions: prevent damage from the heating of foreign objects, and
protect humans from exposure to magnetic fields.

A.4.1. POWER TRANSFER

The nominal operating frequency of WPT systems is 85 kHz, with a tuning band 0f 79...90kHz.

The GA selects the operating frequency, and the determination must be done before the
start of the charging session with a maximum of 25% of the full power. The operating
frequency must be kept constant for the entire charging session. It needs to be pointed
out that the lower limit of the frequency range of the previous versions of both the SAE
TIR and ISO 19363 was 81.38kHz, and currently, it has been changed to 79kHz.

The power classes of WPT systems are organized as shown in Table A.2. SAE J2954
regulates three power classes depending on the maximum input power (Volt-Ampere)
that can be drawn from the AC-utility grid. The power classes WPT1 and WPT2 align
with SAE J1772 for AC levels 1 and 2 charging, while WPT3 aligns with the European
three-phase outlet rating. Moreover, WPT4 and WPTS5 are currently under consideration
for future editions of the standard.

WPT systems are also categorized according to the Z-class, measured as the VA coil
ground clearance. There are three Z-classes, as shown in Table A.3. These are defined as
ranges in definite intervals such that the WPT system works when the EV is fully loaded
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Table A.2: Power classes defined by SAE J2954. (1], [3], [4]

Power classes
WPT1 | WPT2 | WPT3 WPT4* | WPT5*
Maximum input (kVA) 3.7 7.7 11.1 22 60
*under consideration

or unloaded and independently of the tires’ pressure. By now, SAE J2954 only considers
the case in which the GA coil is mounted above the ground, which makes the actual air
gap between the coils lower than the distance specified by the Z-class. The maximum
recommended height for the GA coil is 70 mm.

Table A.3: Z-classes defined by SAE J2954. [1], [3], [4]

Z-classes
Z1 72 73

VA Coil ground from | 100 | 140 | 170

clearance range (mm) to 150 | 210 | 250

The interoperability of the GA is categorized into two classes. The interoperability
class I GA is intended to operate in the entire input power range and Z-class, which is
suitable for public use. On the other hand, the GA with interoperability class II is in-
tended for specific applications, resulting in possibly limited operating ranges. Accord-
ing to these definitions, the interoperability between the power classes is well-defined in
Table A.4. For instance, the GA interoperability class defines the maximum input power
of the WPT system. Ultimately, the full power is determined by taking into account also
the VA's power class.

Table A.4: Range of the WPT system’s input kVA rating depending on the GA interoperability class. [4]

GA interoperability | Minimum input kVA rating | Maximum input kVA rating | Z-classes
Class I 1kVA 11.1kVA 71,72,73
Class II 1kVA From the manufacturer

After the EV is parked in the designed spot, it is improbable that the VA coil is per-
fectly aligned with the GA one. Therefore, the system must allow some offset tolerances
in all directions, which values are shown in Table A.5. The amount of relative positions
between the GA and VA coil can be infinite, but the centered position is considered to
be one that gives the maximum coupling at the target Z distance while their surfaces are
parallel. In the case that the GA and the VA coils have the same magnetic configuration,
which can be either polarized or non-polarized, the centered position typically coincides
with the coils’ geometric centers being aligned. If the coils have opposite configurations,
the centered position has an offset from the aligned geometric centers. From this cen-
tered position, there are three possible degrees of freedom for the VA coil with respect to
the GA which are: the direction of the travel called X, the direction perpendicular to the
travel called Y, and the distance between the coils called Z. Moreover, the VA coils sur-
face could also perform a rotation around any of these three axes. The full power must
be transferred at any battery voltage at the aligned position, while a minimum of 50% of
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the full power must be transferred in the misalignment tolerance area.

Table A.5: Offset misalignment tolerance of VA from the center position. [1], [3], [4]

Direction GA: interop class I GA: interop class IT VA
AX +75 mm +75 mm +75 mm
AY +100 mm +100 mm +100 mm
AZ All Z-classes From the manufacturer | From the manufacturer
Roll, Pitch, Yaw N/A N/A +2°, +2°, +3°

SAE J2954 also defines minimum target power transfer efficiencies for the power
classes, which are summarized in Table A.6. The efficiency is measured between the
input and output points @ and @ in the schematic of Figure A.5. The efficiency test
must be performed at the three reference battery voltages of 280V, 350V, and 420V with
the output power at its maximum rated deliverable level. It is also mentioned that some
vehicle architecture might have voltages up to 900V, which would modify the test. The
efficiency test must be performed when the WPT is warmed up at a stable tempera-
ture. Multiple misalignment positions must be evaluated in any direction, including
rotational misalignment.

Table A.6: Minimum efficiency requirements depending on the VA power class, the GA interoperability class,
and the position between the GA and the VA coils. [4]

GA interoperability class I GA interoperability class II
VA power class | Centered position | Misalignment area A (GA-VA) power class | Any position
WPT1 80% 75% 0 80%
WPT2 82% 77% one power class 7%
WPT3 85% 80% two power classes 75%

All these definitions aim to ensure electric and magnetic interoperability between
coils with diverse topologies that might come from different manufacturers. Guidelines
to assess electric and magnetic interoperability have been defined in detail. Moreover,
SAE J2954 explains in detail the relationship between maximum coupling and alignment
of coils with different magnetic configurations. In the Appendices, reference designs for
GA and VA test stations are defined, which cover the first three power classes and all the
Z-classes. These reference designs must be used to guarantee that GA and VA products
are compliant with SAE J2954. Examples of product designs are also given. After that,
guidelines on the power transfer control methods and practices to estimate the power
losses are proposed. Other specifications are provided for the practical implementation
of the WPT system, such as the location of the GA on the parking space, together with
visual cues and markers.

A.4.2. COMMUNICATION

For what concerns the communication system, SAE J2954 relies on SAE ]J2836/6, SAE
J2847/6, and SAE J2931/6. The communication guarantees that the alignment between
the GA and the VA coils is within the tolerance area defined in Table A.5. Moreover, the
communication also ensures the correct operation of a GA with interoperability class I
with a product VA. The process before the start of the power transfer must be supported
by bidirectional communication, and it has the following steps: WPT charging stop dis-
covery, guidance, fine alignment, pairing, and finally, alignment check. These steps can
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be supported by network-based and sensor-based positioning technologies. Typically, a
combination of them is used, considering that the accuracy required by WPT systems is
relatively high. Three potential alignment technologies are defined in the Appendices:
low-power excitation, low-frequency RF with GA as a transmitter, or low-frequency RF
with VA as a transmitter. The communication system is active during the entire charging
process from the pairing stage until the end of the charge, monitoring anomalies and
checking the alignment.

A.4.3. SAFETY AND EMC

Foreign object detection (FOD) is also treated by SAE J2954. In particular, if a foreign ob-
jectis detected on the surface of the GA coil, the process is either not started or stopped if
already running. On the other hand, in case the object is not detected, the temperature
of the surface must be monitored, and the process can continue in the case that tem-
perature does not exceed the limits of UL 2750 (= 80°C). The tests to be executed with
thirteen sample objects are either temperature rising or ignition tests. The concept of
living object protection (LOP) is also discussed. In particular, LOP must ensure that both
a living object is appropriately detected within certain boundaries and the protection
system reacts fast enough such that the radiated field is not harmful. The Appendices of
SAE] 2954 also give guidelines on the LOP and its shutdown test.
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Figure A.6: SAE J2954/1 recommended limits for the radiated disturbances in residential environments below
30MHz, for WPT1, WPT2 and WPTS3. [4]

EMC limits are also recommended, classifying the WPT system as FCC part 18 below
30MHz. Considering the entire system, i.e., the WPT system mounted on the EV, the
limits of the radiated disturbances at 10 meters distance are plotted in Figure A.6. In the
allowed frequency range 79-90kHz, the radiated field must be limited to 82.8 dB, and if
sensitive equipment is present within 10 meters, this limit is lowered by 15 dB. SAE J2954
is the only regulation that defines limits for EMC radiated disturbances below 150kHz,
which is not the case in IEC 61980 and ISO 19363.

EMC limits are also specified at the components level, and they can be used as a
first evaluation before their integration into the WPT system. For the component-level
test, the use of a metal plate (1.5 x 1.5)m with a thickness between 0.7 mm and 1 mm is
recommended to mimic the EV. However, only the vehicle level measurements are the
ones that determine compliance with the regulations.
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A.4.4. EMF HUMAN EXPOSURE

The EMF exposure of both humans and cardiac implantable electronic devices (CIED)
is treated extensively. For what concerns the general public and CIED, the Guidelines of
ICNIRP 2010 are used as references. The EMF limits for humans with CIED are stricter.
These limits are discussed in Section A.6.2. Limits for implanted medical devices (IMDs)
are still under consideration for future versions of the standard. In the Appendices,
guidelines on simulations and measurements of human exposure are discussed in de-
tail. Additionally, different models for the human body are also explained.

A.5.IECPAS 63184

ASSESSMENT METHODS OF THE HUMAN EXPOSURE TO ELECTRIC AND MAG-
NETIC FIELDS FROM WIRELESS POWER TRANSFER SYSTEMS - MODELS, IN-
STRUMENTATION, MEASUREMENT AND NUMERICAL METHODS AND PROCE-
DURES (FREQUENCY RANGE OF 1 KHZ 1O 30 MHZ)

This is an IEC publicly available specification (PAS) released in May 2021, which applies
to both stationary and dynamic WPT systems for assessing the human safety of the radi-
ated fields from 1 kHz to 30 MHz. Different assessment methods and test procedures are
explained. An example of these is provided based on results obtained from a heavy-duty
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Figure A.7: Flowchart of the assessment procedure considering the direct effect defined by IEC PAS 63184.
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EV WPT system. For assessing the human exposure to magnetic field radiations, any of
the steps in Figure A.7 can be used. These methods are based on the coil current, ex-
ternal electric and magnetic fields, specific absorption rate (SAR), and internal electric
fields. It must be noted that the flowchart in Figure A.7 starts with the most conservative
method, and, in the case that it is not satisfied, a less conservative one can be used to
evaluate the assessment. Additionally, the definition and difference between reference
levels and basic restrictions are discussed in Section A.6.2.

A.6. COMPARISON AND DISCUSSION

The available standards and regulations on EV charging through WPT have been dis-
cussed singularly in the previous sections. Since they define constraints on the same
application, it is reasonable that they agree with each other. However, it is interesting to
compare these regulations for what concerns EMC and EMF human exposure to verify
to which extent they agree.

A.6.1. EMC

To guarantee the unperturbed operation of electronic devices in the WPT charging sys-
tem surroundings, EMC limits are imposed by standards and regulations without con-
sidering the safety limits for humans. Figure A.8 compares the EMC limits of the QP
magnetic field strength in dB at 10 meters distance. According to SAE J2954 RP, in the
operating frequency range 79-90kHz, the field limit peaks up to 82.8 dB. This higher field
value is allowed because the operating frequency range is chosen on purpose for this ap-
plication, which means that the radiated field at this frequency would not interfere with
the operation of any other electronic device. It is reasonable to assume that the amount
of radiation allowed in the operating frequency range would be determined by the EMF
human exposure limits. This assumption is discussed and evaluated in Section A.6.3.
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Figure A.8: Limits of the magnetic field strength at 10 meters distance.

A.6.2. HUMAN AND CIED EXPOSURE TO RADIATED EMF
To guarantee that EMF radiations are not dangerous to the EV passengers and the peo-
ple in the surroundings, limits for the EMF are defined, taking into account both the
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intensity and the frequency of the radiated EME A high-frequency EMF could interfere
with some biological functions inside the human body if its intensity is relatively high
because it can induce an electric field and currents in the body’s tissues. Therefore, it
is important to ensure that these have an intensity within the safety limits for humans.
Measurements at different coils’ alignments must be performed such that the worst-case
measurement can be recorded and compared with the regulations. All regulations limit
the EMF in three regions with respect to the EV with the WPT system.

- Region 1: area underneath the vehicle.
- Region 2: area around the vehicle
- Region 3: area inside the vehicle.

Manufacturers need to make sure that the EMF human exposure in all regions does
not exceed the limits in Table A.7 when living beings are in the surroundings of the WPT
system. This means that region 1 must have fast detection and shutdown systems.

ICNIRP has extensively studied the biological effects of EMF on human tissues, de-
pending on both the field intensity and frequency. Therefore, in the ICNIRP Guidelines
2010, basic restrictions on the maximum allowed EMF inducted inside the human body
are defined for different tissues. However, since it is impossible to measure the EMF di-
rectly inside the body, reference levels are defined for the EMF outside the human body,
such that if these conservative levels are also met the limits inside the body would be
within the basic restrictions. The reference levels for general public exposure are shown
in Table A.7, for the frequency range of interest 3kHz-10 MHz. These guidelines apply to
all regions surrounding the wireless charger but do not necessarily preclude interference
with CIEDs.

Table A.7: Reference levels for general public exposure in the frequency range 3kHz-10 MHz (RMS values). [5]

Electric field | Magnetic field | Magnetic flux Touch
strength - E strength - H density - B current
0.2*f (kHz)
83V/m 21.5A/m 27uT —17mA  @85kHz

In Table A.8, stricter limits are defined such that the WPT system’s radiation is safe
for a wider range of people.

Even if the RMS values of the field are reported in Table A.7 and A.8, the peak val-
ues are considered as normative limits. These EMF limits concern only the operating
frequency range because the contribution of higher harmonics can be neglected if their
amplitude is at least 30 dB below the fundamental.

Table A.8: CIED EMF exposure limits (RMS values) for region 2 and region 3.

Magnetic filed | Magnetic flux

Region strength - H density - B

11.9A/m 15uT
from 79 to 90kHz

2,3

A.6.3. EMCAND EMF: QUANTITATIVE AND QUALITATIVE INTERPRETATION
Table A.7 and A.8 clearly show the limits of the EMF exposure in the allowed frequency
range. However, it is difficult to evaluate them without using any other term of compar-



A.7. CONCLUSION 183

ison. For gaining a better understanding of their meaning, they are compared first with
another radiation phenomenon and, after this, with the EMC limits in Figure A.8.

The most tangible example is to consider the natural magnetic field of the Earth as
a term of comparison. According to [5], the magnetic flux density of the geomagnetic
field varies in the range 30-70uT, depending on the distance of a certain location from
the geomagnetic poles. This natural magnetic field can be considered to be static and,
consequently, its frequency is 0Hz. Therefore, the geomagnetic field does not interfere
with the human biological function inside the body, because it has low intensity and it is
static. On the other hand, the magnetic field produced by the WPT system for EV charg-
ing is time-varying, which means that it is potentially able to induce an electric field and
currents inside the human body. However, these are negligible in case their intensity is
kept at a low level. To achieve so, in Table A.7 and A.8, the radiated magnetic field by
the WPT system has the same order of magnitude as the geomagnetic one. Moreover,
the limits of EMF human exposure to the magnetic field strength and flux density are
expressed, respectively, in A/m and pT. Nevertheless, the EMC magnetic field limits in
Figure A.8 are expressed in dB(a/m) which makes it difficult to directly compare them to
the human exposure limits. Assuming that the limits of Table A.8 are taken as reference,
the magnetic flux density must be within 15uT in the allowed frequency range, which
intensity is less than the typical value of the geomagnetic field. This value can be trans-
formed in dBa/m) to be able to compare it directly to the EMC limits. The procedure is
divided into two steps. Firstly, the magnetic flux density is converted in magnetic field
strength (see Table A.8) and then, its peak value is converted in dBa/m) as in (A.1).

peak value
(\/E- 11.9- 106pA/m)
(0]
8 WA/m

According to (A.1), the amount of magnetic field allowed in the surrounding of the ve-
hicle is 144.52 dB considering the most conservative case. From Figure A.8, in the same
frequency range, the EMC limit recommended by the SAE RP is up to 82.8 dB at a dis-
tance of 10 meters from the vehicle. This limit seems to be reasonable since it is lower
than the limit for human exposure. However, it would be interesting to derive the value
of the magnetic field in the surroundings of the vehicle knowing that at 10 meters dis-
tance, its value is 82.8 dB, and evaluate if that value would be still lower than 144.52 dB.

20-1

= 144.52 dBa/m) A.1)

A.7. CONCLUSION

Since 2015, standards and regulations on EV charging through WPT have been released.
Currently, the available ones are the IEC 61980 series, ISO 19363, SAE J2954, IEC PAS
63184, and SAE ]J2847/6 which have many common points. However, they are not en-
tirely in agreement in terms of EMC. From Figure A.8, it is clear that the limits currently
adopted by IEC 61980-1 are on average 15 dB larger than the ones in SAE J2954. Since
the human exposure to magnetic fields is also well-regulated in the operating frequency
range 79-90kHz, it would be convenient to define EMC limits for that frequency range
that also ensure a safe magnetic field around the vehicle for the humans. Additionally,
the propagation of the magnetic field would also depend on the coils’ topology. Con-
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cluding, wireless charging is a technology still in its early stages and new regulations are
now under development. In the future, other aspects will also be regulated such as dy-
namic, vehicle-to-grid, and wireless charging of high-duty EVs.

REFERENCES
[1]1 Iec 61980-1: Electric vehicle wireless power transfer (wpt) systems - part 1: General
requirements, IEC, Nov. 2020.

[2] Iec 61980-1: Electric vehicle wireless power transfer (wpt) systems - part 3: Specific
requirements for magnetic field wireless power transfer systems, IEC, Nov. 2023.

[3] Iso 19363:2020: Electrically propelled road vehicles - magnetic field wireless power
transfer - safety and interoperability requirements, 1SO, Apr. 2020.

[4] J2954: Wireless power transfer for light-duty plug-in/ electric vehicles and align-
ment methodology, Aug. 2022.

[5] Icnirp guidelines for limiting exposure to time-varying electric and magnetic fields
(1hz - 100 khz), Health Physics 99(6):818-836, International Commission on Non-
Ionizing Radiation Protection, 2010.



MODELING OF THE CURRENT
DISTORTION IN THE
DOUBLE-SIDED LCC
COMPENSATION

B.1. INTRODUCTION

The equivalent circuit of IPT systems employing the double-sided LCC (DLCC) compen-
sation is shown in Figure B.1. The DLCC compensation has been analyzed widely in the
literature [1]-[6]. The first paper modeling the DLCC compensation is [2], which defines
the parameter tuning method and analyzes the circuit through the first harmonic ap-
proximation (FHA). Additionally, [3] and [4] propose a compact DLCC in which the com-
pensation inductor is integrated with the coupled coil. It must be noted that these papers
consider that the primary and the secondary circuits are symmetrical, which simplifies
the parameters’ selection of the DLCC. Contrarily, [5] explains a DLCC design method
for maximum efficiency considering asymmetry between the coupled coils.

In IPT systems, it is important to predict the inverter’s turn-off current to assess
whether the zero voltage switching (ZVS) turn-on can be achieved. However, [2] has ac-
knowledged that the inverter’s current can be heavily distorted due to the low-pass filter
characteristic of the input LC circuit consisting of L1 and Cy;. Because of those high-
order harmonic components, the analytical prediction of the turn-off current would not
be accurate by simply using the FHA analysis. Therefore, the inverter’s current is as-
sessed by considering the high-order harmonic components, and, based on those, the

This appendix chapter is based on:

- E Grazian, G. Yu, G. Zhu, C. Riekerk, J].Dong, T. B. Soeiro, P. Bauer, “Modeling of the Inverter Current
Distortion in the Double-sided LCC Compensation for Inductive Power Transfer Systems”, submitted.
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Figure B.1: Equivalent circuit of an IPT system employmg the DLCC compensation network.
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inverter’s turn-off current has been estimated. As a result, this analytical estimation of
the turn-off current is relatively accurate when the diode rectifier operates in continuous
conduction mode (CCM), but large errors are found in discontinuous conduction mode
(DCM). Using a similar approach, [3] and [4] defined guidelines on the selection of C,
are given to achieve the inverter’s turn-off current that guarantees the ZVS turn-on oper-
ation. However, detailed modeling of the turn-off current is not provided. Likewise, no
detailed analytical analysis of the inverter’s turn-off current has been performed in [1]
and [5]. All in all, no analytical model has been proposed yet that can accurately predict
the inverter’s current flowing through L ; valid for any loading condition.

This work defines an analytical method to predict the distortion of the H-bridge in-
verter’s current when the diode rectifier is operating in both CCM and DCM. This method
is beneficial to assess if the inverter would achieve the ZVS turn-on in any operating
conditions without performing circuit simulations. Section B.2 defines the parameters’
tuning and the analytical circuit modeling of the DLCC based on the FHA. Thereby, two
different load modeling are considered. The first is based on the equivalent resistive load
and the other is the square wave voltage source model that takes into account the diodes
rectifier and the battery. After that, the proposed method for the prediction of the in-
verter’s current distortion is explained in Section B.3. This proposed method has been
experimentally verified in Section B.4 using a 3.7kW IPT system which coupled coils are
the ones of Section 2.4. Finally, the main conclusions are discussed in Section B.5.

B.2. DLCC CIRCUIT MODELING

COMPENSATION TUNING

The parameters’ tuning for the DLCC compensation network in Figure B.1 generally fol-
lows the approach used in [2], which has been explained in Section 2.5.2. This is summa-
rized in (B.1), where wg = 27 fj is the angular resonant frequency. As a result of (B.1), at
both the primary and the secondary circuit, the compensation inductor resonates with
the parallel capacitor at the same wy as the coupled coil with the series compensation
capacitor. Moreover, the mutual inductance M between the coupled coils is defined in
(B.2) depending on the coupling factor k.

1
Li—-L i=1,2 (B.1)
fi= a)OCl

M=kvLL (B.2)

1
Lflel = _2;

PHASOR CONVENTION BASED ON THE FHA
The equivalent circuit of an IPT system using the DLCC compensation is shown in Fig-
ure B.2, including the components’ equivalent series resistance. The operating points
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Rac

(b)
Figure B.2: Equivalent circuit of the DLCC compensation for the analysis in the frequency domain which load
is modeled as (a) equivalent resistance R4 defined in (B.8), (b) voltage source V3 defined in (B.9).

of the circuit in Figure B.2 can be computed in terms of voltages and currents through
the Kirchhoff voltage law in (B.3). Thereby, the used circuit impedances are defined in
(B.4)-(B.6).

VAB ZLfl + Zcf1 _Zcf1 0 0 IAB
0 _ —Zcfl Z, + Zcfl joM 0 I,
0 B 0 joM Z,+ Zcf2 —Zcf2 I,
Vab 0 0 chf2 —Zsz - Zcfz Iop
(B.3)
Zr,. =Ry, +joLsn, Zc, =Rc,y+— (B.4)
f1 f1 f1 f1 f1 joCr
ZL =Ry +ij 2, ZC ZRC + — (B.5)
FERR T f fa 72" jwCr,
1
Zl =R1+j(1)L1+ - , Z2 =R2+ij2+ (B.6)

joC jwC

The input voltage source V4 g defined in (B.7) is used according to the FHA [7]. Vs B
uses the phasor convention, and it is specified in terms of its absolute value and phase
angle. V4 p is taken as the reference, i.e., ¢y,,. The circuit in Figure B.2(a) models the
load as the equivalent resistance R, in (B.8), as explained in [7]. In this case, V3 in (B.3)
should be replaced with Vgp=R,cI4p. Alternatively, the circuit in Figure B.2(b) models
the load as the voltage source Vg, defined in (B.9). This representation is closer to reality
if the battery is directly connected to the rectifier circuit, as shown in Figure B.1.

4
Vap=Vap/0° = ;Vin (B.7)
8 8 V, V,
Roe= — Ry = — - = -2 (B.8)
3 e oyt Iap

4
Vab =Vap/Pap = ;Voutf(PVab (B.9)
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Moreover, another useful parameter is the input impedance Z;,, = Vaop/Iap de-
fined in (B.10) which describes the equivalent impedance of the IPT system seen from
the input source V4 g. Similarly to the approach used in [8] and explained in Section
2.2.1, Z;,, is computed through the reflected impedance Z,. in (B.11).

ZCfl (Zl +Z’I’)

Zin=2p, +o 2 —— B.10
T e, ¥ 2yt 2y (5.10)
2M2
Z, = o (B.11)
(ﬁ"‘Zsz)Zsz
Zz+V“

b
T, +ZLf2+ZCf2

EQUIVALENT LOAD: RECTIFIER AND BATTERY

According to the FHA, the load modeling in the DLCC compensation considers either the
equivalent resistance R, defined in (B.8) or the voltage source model V3 in (B.9) con-
sidering that ¢y, =—n/2. Efforts to model analytically the equivalent load in the DLCC
have been made in [9] and [10]. However, they consider the major assumption that the
diode rectifier always operates in CCM. Moreover, [9] defines a model valid for a resistive
load type, while [2] and [10] consider the load based on the voltage source model with
¢v,,=—mn/2. These load modeling strategies might result in large approximations since
two main instances are neglected.

The first factor is the conduction mode of the diode rectifier, which typical operating
waveforms are shown in Figure B.3. The top plots result from a rectifier using the ideal
diode model, while the bottom ones result from a rectifier that considers the physical
diode characteristics. The current i,; would flow through Ly, only when vcra > vgp.
If this condition is always satisfied during the switching cycle, the diode rectifier will
operate in continuous conduction mode (CCM), which examples are illustrated in Figure
B.3(a). On the other hand, if vc ) > v4p is not satisfied for the entire switching cycle, the
diode rectifier will operate in discontinuous conduction mode (DCM), which examples
are illustrated in Figure B.3(b). Especially in DCM, it is clear that the load characteristic
fundamentally differs from the case using the equivalent resistive load.

The second factor is the parasitic capacitance of the diode rectifier, which lumped
equivalent value can be modeled as the capacitor C, shown in Figure B.2(b), connected
in parallel to the output voltage source V3. This capacitance must be discharged and
charged as V3 inverts polarity. From the zoom in Figure B.3(c), its capacitive behavior
results in a delay of v, with respect to the case of an ideal diode rectifier. The peak
current I p in Figure B.3(c) is defined as Ic p = lap(0.). Around the current zero-crossing,
izp(0) can be approximated as

i4p(0) = Iypsin(@ —0)) (B.12)

where ¢y, 12 is taken as a reference and, according to the FHA, I;;, = %Iou ¢ assuming that
Iyy; is defined by the battery charging cycle.
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(a) (b)
Figure B.3: Conduction of the diode rectifier depending on the voltage across C,: (a) CCM, (b) DCM. The top
plots result from ideal diode models, while the bottom plots result from the physical diode characteristics. (c)
Zoom on the turn-on transition of the diodes D1 and D4 in Figure B.1. It must be noted that the phase angle of
ve 2 is considered as the reference, i.e., (ch 2 =0, and 6 is considered as the x-axis such that 6=wq - t.

During the interval [0; 0.1, v4,(0) can be written as (B.13). Specifically, for 6=6,,
(B.14) can be found, which results in (B.15).

1 0
vap(0) = —Vou[+—f I,psin(0 —6p) dO (B.13)
wOCp 0,
0c
2 - Vour = f Iupsin(@ —0y) do (B.14)
wolp Jo,
2VourwoC
oc, :60—6b:cos_l(l—L0p) (B.15)
Iah

Finally, fc,,:lab sin(f, — 0;,) can be computed.
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B.3. PREDICTION OF THE INVERTER CURRENT DISTORTION
The distortion of i 4p can not be estimated only by considering the circuit analysis based
on the fundamental harmonic components. The higher-order harmonics introduced by
the square wave voltage sources must be taken into account.

METHODOLOGY
From the Fourier series of a square wave, the input and output voltage sources in Figure
B.2(b) can be expressed in the time domain as

X 41 .
vap(t)= Y, ——=Vj,-sin(nwot) (B.16)
n=135.. 7T 1
X 41 .
Vab() = Y. ——=Vour-sin(nwot +dv,,) (B.17)
n=135.. 7T 1

where the amplitude and phase angle are chosen according to the fundamental compo-
nent in (B.7) and (B.9). Furthermore, the Fourier series of i 45 can be written as

o0
iap(D= Y. Iapn-sin(nwot+¢p,,,) (B.18)
n=135...
where the amplitude I4p,, and phase angle ¢y, , can be calculated through the circuit
analysis in the frequency domain of Section B.2 for each harmonic component, i.e., im-
posing w=n-wy. This means that 145 , and ¢y, , can be computed as depicted in (B.19).
As a result, the inverter switch-off current Iorr=iap(Ty/2), where To=1/ fp.

VaBn _ _ an

IaBn = IAB,nM: Zinn - Zin,nf(»bZin,n

(B.19)

The computation of I 4 g , depends on the input impedance Z;,, ,, which, accord-
ing to (B.11) and (B.10), depends on the loading condition. The equivalent load can be
modeled as the equivalent resistance R, which circuit is shown in Figure B.2(a). Alter-
natively, it can be modeled as the output voltage source Vgy, ,, which circuit is shown in
Figure B.2(b).

It is interesting to assess whether the two equivalent load models in Figure B.2 result
in the same estimation of i 45(#). From (B.17), it can be found that Vab,nz% % Vout {(PVub-
Therefore, the comparison between the i 45 (#) resulting from modeling the load as R,
or Vgp,n can be made only if ¢y, is known. Based on the fundamental component
analysis, the output voltage source Vg results in leading V4 g of —7/2, meaning that
Vab,n:% % Vout/—m/2. However, Figure B.3 shows that this might be a considerable as-
sumption since ¢y, also depends on the rectifier conduction.

PROPOSED ESTIMATION METHOD FOR (PVab

Figure B.3 shows that the voltage across Cy, and the amplitude of v,y, i.e., Voyy, influ-
ence the conduction of the diode rectifier and, consequently, v,; and i,p. In this anal-
ysis, it is considered that V,,; is set by the battery, and the output power P,,; is set by
the battery charging cycle. To compute ¢y, at the chosen operating conditions, it is
essential to find vc, .
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1) COMPUTATION OF v¢,, FROM THE FHA
As a first approximation, the amplitude and phase angle of V¢, can be found from the
circuit analysis of Section B.2 performed using the FHA, i.e., at w=wq. Since V,,; and

. . V2 . .
P,,; are given, hereby the load is modelled as Racz% PZZi’ According to Figure B.3, v¢ 2
is taken as the reference in the analysis of the rectifier conduction, meaning that the

phase angle ¢y, ,=0. Therefore, vc,, results in

Ve, (0) = Ve, sind (B.20)

where O=wy - t.

The estimation of ¢y, is first performed considering the CCM of the diode rectifier.
If the solution is not a rational positive number, the diode rectifier operates in DCM and
the estimation is performed for that case. This process is summarized in the flowchart
of Figure B.4.

2) CCM
According to Figure B.3(a), the phase angle of v, with respect to gl)vcf2 is ¢v,,=04, where
6, satisfies (B.13) such that v 45(64)=0. As a result,

woCp,V,
M) (B.21)

0,=0, +cos H[1-
( Lap
The unknown 6}, can be found by solving (B.23), which consists of integrating (B.22)
in the intervals [0; 0] and [0; 0, + 7] of Figure B.3(a), also considering (B.13).

iap(0) = f (vey, 0) = vap(0)] dO (B.22)
A _ gc . _
Icp = w0l Jo, Vey, sin(®) — vap(0)] d6
. o (B.23)
0= Icp + ch [VCfZ sm(9) — Vout] d0

woLyf

The system of equations in (B.23) is nonlinear and, to simplify its computation, ¢,
is considered to be known as defined in (B.15). The solution of (B.23) is shown in (B.24).
If the diode rectifier operates in CCM as shown in Figure B.3(a), (B.24) will have a ratio-
nal numerical solution. Conversely, if i,;, decreases from fcp to zero while vcrr < vgp,
(B.24) will not output a valid solution meaning that the diode rectifier operates in DCM
as shown in Figure B.3(b).

N pr_ ab(ecp)
W Vour = 200 L fcp + ————"=
1 woCp

2V,

0. =cos” (B.24)

Assuming that the rectifier operates in CCM, 6}, can be computed as 6,=60. - 0c,,,
which Qcp and 6. result from (B.15) and (B.24), respectively. At this point, 8,; can be
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computed according to (B.21). Finally, considering the convention in (B.3) where the
input voltage source V4 g is the reference, the phase angle of V, results in

v, =0a—Pvey, (B.25)

3) DCM
If the diode rectifier operates in DCM, i,j, would be approximately zero as long as v¢ gz <
Vap, Which examples are shown in Figure B.3(b). In this case, (B.24) would not result in
a rational numerical solution. According to Figure B.3(b), the phase angle of v, with
respect to ¢ch2 is v, =0p.

The unknown 6}, can be found by solving (B.26), which consists of integrating (B.22)
over the interval [0,; 8} + 7] according to Figure B.3(b).

Ve
9,1 = sin_l ( v 2 )
out (B.26)

Jo" Ve, Sin(0) = Vourl dO

0 0,

- woL o

where 6, is the phase angle correspondent to Ve, OD=Vou:.

Given (B.2)-(B.6),
fo, Vour and Poys.
Y

( 7

Estimation of V¢
f2
through (B.3) considering
8 Vgut
w2 Pout”

w=wqg and Rgc=

¥
CCM in Figure B.3(a):

¢Vub|¢VCf2 =04.
6, is defined in (B.21), and it
can be computed from (B.15)
L and (B.23), resulting in (B.24). )

\

¥

Is the numerical solution of
(B.24) a rational positive number?

DCM in Figure B.3(b):
0.

v, =
ubl(ﬁvc 12
0} can be computed from

(B.26), which results in (B.27).
¥

[ v, =06~ Pvips ]

e

Figure B.4: Flowchart of the proposed estimation method for ¢y, .
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The solution of (B.26) is

Vey, cosOp — VourBp = Vour(m—0,5) — Vey, cosf, (B.27)
Since (B.27) is not linear, the numerical solution for ; can be found through a paramet-
ric sweep. Finally, considering the convention in (B.3) where input voltage source V4 g
is the reference

vy =0p = Py, (B.28)

B.4. EXPERIMENTAL VERIFICATION

This section verifies the analytical model proposed in Section B.3 to estimate the har-
monic components of i4p.

3.7kW LABORATORY DEMONSTRATOR

Figure B.5 shows the laboratory prototype used for the experimental verification. The
value of the circuit parameters is listed in Table B.1. The Delta Elektronika bidirectional
power supplies SM500-CP-90 and SM1500-CP-30 are used as the input and output volt-
age sources.

Rectifier
4xC4D15120D
(1200V SiC diodes)

e

Inverter‘+ I LaunchPad

~ 4xC2M0040120D
(1200V SiC MOSFETs)

Figure B.5: 3.7kW laboratory demonstrator of the implemented IPT system using the DLCC compensation.

Table B.1: Circuit parameters of the 3.7kW laboratory demonstrator in Figure B.5.

Coupled coils Compensation ESR

M=Mmax M=M,ia M=Mp,in Network (mQ)
M=96.35pH M=68.25uH M=50.50pH ESR Ly (uH) | 101.1 45
Zag=10.6cm Zag=13.8cm | Zgg=17.0cm (mQ) sz (uH) 83.8 45
Ly (uH) 337.4 331.5 328.1 650 C1 (nF) 14.4 55
Ly (uH) 223.9 218.0 2153 440 Cy (nF) 277 31
Compensation inductors’ core PM/74/59, ferrite material N87 Cr1 nF) 36.0 25
Capacitor unit: KEMET R76TF13305050J 3.3nF (ESR=0.22Q) Cyp (nF) 41.7 23
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MEASUREMENTS

The inverter voltage v 4, current i 45 and the DC-to-DC power transfer efficiency npc-to-DC
have been measured at several operating points by sweeping both the DC input and
the output voltages. Moreover, three values of mutual inductance have been consid-
ered which are specified in Table B.1. From these measurements, the inverter switch-off
current Iprr has been recorded and compared in Figure B.6 to the computed values re-
sulting from three different analytical models, which respectively consider the load as:

- the equivalent resistance R;
- the voltage source Vi, with ¢p(V,)=—m/2;

- the voltage source V3 of which ¢(V,;) has been computed according to the pro-
posed method in Section B.3.

According to Figure B.6, the proposed estimation method can predict Iorr for awide
range of operating conditions more accurately than the method using a conventional

L opr computed:

—— R, model v, model (¢, =n/2) ——— ¥, proposed model (Section B.3)

o I,y measured  ===-s IDC-to-DC Measured

96
94
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77DC—to-DC
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(%)

92
(®)
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89
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90

77DC-10-DC

0 88
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500

V. (V) V. (V) V[n V) V. (V)

mn n mn
Figure B.6: Comparison between the measured and computed the inverter switch-off current Iorr. The mea-
sured DC-to-DC power transfer efficiency npc-to-pc has also been included. Measurements performed at: (a)
M=Mmax, (0) M=My,;q, (c) M=M,,;,. The shaded areas indicate the operating points in which the diode
rectifier operates in DCM.
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load modeling strategy. The proposed method is also effective when the diode rectifier
operates in DCM. These results confirm that it is fundamental to model the conduction

of the diode rectifier to accurately estimated Iprr.

Additionally, the computed and measured inverter voltage v,p and current i 4 have
been plotted in the time domain in Figure B.7, which results from V;,=500V and V,,;=400V
at the three considered mutual inductance values. The measured and estimated signals
are in agreement. The differences are reasonable considering the assumption of the pro-
posed model and the circuit parameter variations that might occur during the operation.
The proposed model could be improved further if the dead time of v were considered,
which would undoubtedly add more complexity. It must also be noted from (i4p); that
the estimation of Iprr considering only the first harmonic component would lead to

large errors.

Time scale Vi

Ch2: i

o Ch2: i,
. v 2)-(c)- iv (a),(b):5 A/div
:2 ps/div (a)-(¢):200 V/div (02 Aldiv

v
S et

Ch3: v,

(@)-(¢):200 V/div

PR HEY

iy
(2)-(c):5 A/div

vV, computed

‘ 4B

— — —(IAH)] computed

4B computed

v V)

t(ps)
(a)

1 (ps)
(b)

1 (ps)
(c)

Figure B.7: Plot in the time domain of the computed and measured inverter voltage v 4p and current isp at
Vi n=500V, Voy,;=400V, and: (a) M=Mpax, () M=M,,;4, () M=M ;..

B.5. CONCLUSIONS

An estimation method for the inverter current distortion has been proposed for IPT
systems that use the DLCC compensation. This is fundamental to assess analytically
whether the inverter operates in ZVS turn-on. The proposed model has been proven
effective for a wide range of operating conditions. It has been demonstrated that mod-
eling the diode rectifier’s conduction is fundamental to achieving an accurate inverter
switch-off current estimation.

Additionally, the implemented prototype’s high DC-to-DC power transfer efficiency
must be noted, which is remarkable for the considered power level. For instance, the
efficiency of 95.23% has been measured at the maximum considered coupling condition
for an output power of around 3.1 kW with 400V DC output voltage.
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