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As a part ofan electric vehicle (EV) onboard chargex, highly efficient, highly
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gain rangesoft-switchingcapabilityover thefull load rangeand pdential for a smaller
and more compact sizéhis dissertation outlineshe feasibility, analyses and

performance of a CLLC convertgwvestigated and designeddperae at 1 MHz and

3.3 kW for EV onboard chargerdhe proposed design utilizes theergng wide



bandgap (WBG)allium nitride (GaN) based MOSFETs enablehigh-frequency
switching without sacrificing the conversion efficien@neof the majorchallengsin
MHz-level power converter design t® redue the parasitic components of printed
circuit boards (PCBs), whiatan causéaulty triggeringof switches leading toircuit
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Chapterl nt roduction to Electric Ve

1.1 Background

In the last two decades, the concerns about fossil fuel depletion and global climate
chang€[l1], [2] are promoting the growth of electric vehicle mar&t In 1997, the
Toyota Prius was rel eased i ssprddagedhgbriind bec:
electric vehicle. In 2008, Tesla releasedeitsctricvehicle, Roadster, which was the
first all-electric production causingLi-ion battery cell and with a range greater than
200 miles per charge. Nissan also releadadan-batterybased affordable family car,
t he Nissan LEAF, i n 201 &ime bedt selting hidhway a me t he
capable akelectric carf4].

As shown irFig. 1-1, the global electric car stock has been groviasg since 2010.
It surpassed 2 million vehicles in 2016 after crossing thallion threshold in 2015
[5]. Fig. 1-2 shows the global market sharetloé electric car. It can baferredfrom
the figure thathere is an increasing trendthre purchase oélectric carsFurthermore,
from the orginal equipment manufacturer (OEM) announcements and the EV
development environment, theaee predictions indicatinthat the electric car stock
will range between 9 million and 20 million by 2020ith expectations ofeachng

between 40 million and 70ition by 20255].



2.20

5 200

E 1.80 m Others m United States
vt 1.60 ® United Kingdom ® Sweden

§ };8 ® Norway ¥ Netherlands
; 1‘00 m Korea Japan

g 0.80 ® India ® Germany

&

+

>

=

0.60 France ® China
0.40 ® Canada

0.20

0.00 — =

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

Fig. 1-1 EV+PHEV stockby country, 20082016

1.40%
1.20%
1.00%
0.80%
0.60%
0.40%
0.20%
0.00%

EV+PHEY market share

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

Fig. 1-2 Global EV+PHEV market share, 202916

In comparison to conventional fossil vehicles, EVs are typically propelled by one
or more electric motors instead of an internal combustion engine (ICE). Large battery
packs are used in EVs to store electric energy and charged by the grid through plug
chaging systemsHybrid electric vehicles (HEVS) can be powetsdboth fossil and
electric energies. Typically, an ICE and an electric motor with a battery pack are
included in HEVs. The battery pack is charged through the ICE, not the grid, therefore,
HEVs do not have plugn charging system$6]. Plugin hybrid electric vehicles

(PHEVs)alsohaveboth ICE and electric moter However, in comparison to HEVs,

2



the battery pack of PHEVs can be charged through both the ICE and the grid. Therefore,
plug-in charging systems are required in PHE®]s

EVs have several advantages over conventional ICEleshi

1) Energy efficient: EVs can convert about 58286 of the electrical energy from
the grid to power at the wheels. However, conventional gasoline vehicles can only
convert about 17921% of the energy stored in gasol[ii.

2) Environmentally friendly: Although the power plant producing electricity may
emit pollutants, EVs are still more environmentally friendly than ICE vehicles. There
is no tailpipe emission from EVs. Furthermoréhe growing trend of including
renewable energy for power generation by utilities helps in reducing overall carbon
footprint by EV9[5].

3) Low charging costThe fuel cost of driving an EV idependent on the cost of
electricity per kilowatthour (kWh) and the energy efficiency of the vehicle. Typically,
with the higher energy efficiency and lower electricity cost, EVs have much lower
energy cost per mile than that of ICE vehid&s For HEVs andPHEVs, although
theyhavelCEs the miles per gallon (MPG) @&wayshigher than that of conventional
ICE vehicles, which means tietal fuel cost of HEVs and PHEVs is still lower

4) Maintenance benefits: EVs runs on electrically powered engiitbs less
mechanical componentand lubrication requirementsTherefore, EVsneed less
maintenance than normal gasoline powered [@rs

5) Performance benefits: Comparing to ICEs, electric motors are very quiet and

smooth With accurateslectric motor control, EVare able to deliver a higher torque



during acceleratioandachieve aetterv e h'i ¢ | e 6TheredoreaElvs can ptowd

an exhilarating driving experience.

1.2 EV Power System Configuration

Fig. 1-3 shows a typical EV power system configurafiarhich consists of an
electric motor, a inverter, a high voltage battepack, a 12 V low voltagauxiliary

battery, and an onboard chargOBQ.

Fast Charging Station
(Off-board Charging System)
Fast Charging Connector

v Motor
Inverter
Battery
=
-9
DC-DC High Power Electric g
Converter Battery Pack Motor g
=
r'— —— = N
DC-DC AC-DC I
Converter Converter I
I

__________ -
On-board Charging System
ging >y ;\ @

Normal Charging Connector @

110~220 V Electrical Socket
Fig. 1-3 Typical EV Power System Configuration
There are two operation modies the electric motqrpropulsion and regenerative

braking. In propulsion mode, the electric motor is propetiadhe electric energy

4



stored in the high voltage battery. In regenerative braking mode, the electric motor
works as a generatowhich transfers the braking power to the high voltage battery.
Therefore, the motor inverter should be able to op@nadebidrectional fashion

The 12 V low voltage battery is charged by the high voltage battery through a DC
DC converter and provides power to the onboaudiliary appliances, such as air
conditioner, lights, stereo systems, and control systems. The power flow is
unidirectional from high voltage batteryttwelow voltage battery.

The high voltage battery can be chargéter byaslow or afastcharging system
A high power (up t®00 kW) off-board charging station is required for fast charging.
The charging syem has to be built offoard due tdts large size and weight. Tistow
onboard charging system, which consists of a power factor correction (PFOICAC
converter and an isolated B@C converter, is designed for low to medium power
rating (up tal7.2kW) residential and/or officeharging. The onboard charging system
has low charging rate but allows EVs to charge everywhere through a wall Scket.
the slow chargersxistonboard of vehicle weight and size play an important role in

thedesign ofOBCs

1.3 EV Battery Charging Profile

For EV battery packs, energy density and weight are two critical parameters that
determine the range of EVs. In comparison with different battery chemistries, such as
leadacid cell, nickel cadmium cell, and Nnetal hydride cell, L-ion cell has the
highest energy densifjl0] with relatively light weight Therefore, although Lion
battery packs are more expensive than others, most of the EVs and Pi¢Efd a

using them as their high voltage battery packs. Fortunately, as shdvign 134, in
5



2016, the Liion battery price has drppdby 73% since2010[11]. The steep decrease

in batteryprices is in part due to improvements in technology and economies of scale.
The fierce competition between major manufacturers also helps to bring down the
prices[11]. The modelsn [11] also calculate that producing a battery in a Korean
manufacturing plant in 2017 costs $162/kWh and dropping to $74/kWh in 2030. With
falling prices and increasing energy density, it can be comprehenddtid¢hation

battery technology will be a key enabler in EVs and PHEVs until a viabletfestive

substitute is developed.

=
-35%
E sﬂ -22%
2 =N
v
2000 2011 2012 2013 2014 2015 2016
Year

Fig. 1-4 Li-ion battery price survey, 2012016[11].

Table1-1 lists charging characteristics of some EVs and PHEVs available on the
market including their Neviuropean Driving Cycle (NEDC) driving range. Most of

these vehicles are equipped withitih battery packs and level 1 or level 2 onboard

charging systems.



Table1-1 Charging characteristics of some manufactured EVs and PHEVs

Battery
srand Model Vodel _ Encroy %EJVV&(;Z’ E:Erg?c
(kWh)

Smart fortwo El. Dr. 2015 17.6 3.3(22) 145
Smart fortwo BRABUS 2014 17.6 3.3(22) 145
Toyta iQ EV 2012 12 3 85
Fiat 500e 2015 24 6.6 -
Citroen C-ZERO 2014 145 3.2 150
Peugeot ion 2014 14.5 3.2 150
Mitsubishi i-MIEV 2014 16 3.7 160
Volkswagen e-up! 2013 18.7 3.6 160
Chevrolet Spark EV 2015 18.4 3.3 -
Bollore Bluecar 2015 30 - -
Mitsubishi MiniCab MIEV 2014 16 3 -
BMW i3 2014 22 7.4 190
Renault Zoe 2015 22 43 240
Volvo C30 Electric 2013 24 22 163
Volkswagen e-Golf 2015 24.2 7.2 190
Nissan Leaf (Visia) 2015 24 3.6 (6.6) 199
Nissan Leaf (Acenta, SV) 2016 30 3.6 (6.6) 250
Honda FIT EV 2014 20 6.6 -
Renault Fluence Z.E. 2012 22 3.5 185
Ford Focus EV 2015 23 6.6 162
Kia Soul Electric 2015 27 6.6 212
MercedesBenz  B-Class EI. Dr. 2015 36 10 200
BYD e6 2015 61.4 40 -
Nissan e-NV200 (Evalia) 2015 24 3.6(6.6) 170



Toyota

Tesla

Tesla

Tesla

Tesla

Rimac
MercedesBenz
Lightning
Detroit Electric
Venturi
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Renovo
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Protoscar

RAV4 EV
Model S 60
Model S 85
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Fetish
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2014
2015
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2012
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2015
2014
2015
2015
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41.8
60
85
90
56
82
60
44
37
54
53
30

90.3
32

10
10(20)
10(20)
10(20)
16.8
22
22
9
7.7

22

7.2
22

390
502

340
600
250
241
288

450
200

To safely charge Lion batteries, several charging methods are investigated to
achieve a high charging acceptance fB2¢i [16]. Fig. 1-5 shows the constant current
constant voltage (GCV) charging profile, which is a weéistablished and widely
used Ltion battery charging method. A constant current is applied to charge batteries
at the beginning of the charging cycle, while the chargioltage increases up to a
preset maximum value @4, then the charging voltage is kept constant and

correspondingly the charging curresteducel accordinglyuntil the batteries are fully

charged.



Charging Voltage (V)

Charging Current (I)

Fig. 1-5 CC-CV charging profile

Another charging profile called multistage current charging (MSCC) algorithm is
developed to optimize the battery charging prodess.1-6 illustrates an example of
an MSCC charging profile with 5 current stages. In this case, the charging current
reduces to different levels but keeps constant in each level. In comparison with-the CC
CV algorithm the MSCC algorithm can achievdasterchargingspeed and a higher
charging efficiency. However, for the MSCC charging profile, the current values of
different charging stages and at what time the charging process switches from one stage
into another a the two issues that must be determined to avoid any damage to the
batteries. Therefore, the control complexity of the MSCC is higher than that of the CC

CV.



Charging Current (I)

| | l
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Stage 1| Stage 2| Stage 3| Stage 4, Stage 51 .

Fig. 1-6 MSCC charging profile

Pulse charging method is another approach for fast and efficient chidrgjing. 6].
The pulse charging current can be modulated by either frequency (shielgniky(a))
or duty (illustrated irFig. 1-7(b)). The main benefits of pulse charging are to reduce
the accumulation of pressure inside theidd batteries and be able to control the
electrochemical reactions of the batteries. These benefits bring less heat producing and
a higher charging efficiepc as well as extend battery cycle life. Therefore,
theoretically, the pulse charging method can achieve the best charging perfommance
comparsan to others. However, this charging method requires highly complex control

algorithm which is difficultin implemenéation
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Fig. 1-7 Pulse charging profile with (a) variable frequency (b) variable.duty
Due to the reduced control complexityelow-cost CGCV charging technique

is widely used in conventional onbdachargers available themarket. Hence, in this

work, the CC-CV charging methodology is used to develop the design parameters of

the converter.
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1.4 EV Charging Techniques

1.4.1 Charging Power Levels

Table1-2 summaries different charging power levels for Elégproposed by SAE
J1772 charging standaj®l]. The charging level describes tmaximumpower output
of an electric vehicle supply equipment (EVSE) oulléieslow chargers tymally use
singlephase AC source as the input with relatively low poagputlevels. Forthe
fast chargers,-phase AC sources are used to achieve high power |l@velsw DC
quick-charging standard mlsoestablished which enables fast charging up to 200 kW

and developments are now targeting 350 [B}V

Table1-2 Charging power levels

Classification Level Current Power
Level 1 AC 01.92kW

Slow chargers R
Level 2 AC >1.92k W a nd2k\Ww
Level 3  AC, 3phase > 20kW

Fast chargers
Level 3 DC Currently, < 200 kW

Level 1 charger is designed for 120 V/12 A, 60 Hz, single phase grid outlet. It is
easy to be built ovoard with approximate $500 to $800 installation ¢bg} which
is applicable for home charging. However, the charging time of battery pack iatslow
this charging powernd t typically takes up to 17 hours to charg2skWh battery
pack from 20% state of charge (SOCjulh SOC.

A Level 2 charger requires 240 V single phase power outtéth is available at

public facilities and some house garages. With higher charging power, the level 2

12



charger needs much less charginmgetin comparson to alevel 1 charger. The
installation cost o level 2 EVSE is expected to be $3,150 to $5A@). Thelevel 2
charging is expected to be the main charging mediadable inthemajority of public
and private facilitie$19].

Level 3 chargers utilize-Bhase AC sources bigh-powerDC sources to achieve
ultra-fast charging. It is expected to charge the EV battery pack from 0 to 50% SOC in
20 minutes. Teslhastargeeda 5 minutes fully charging time for its EMsrough its
supercharging stations in the foreseeable fuf20d. However, he extremely high
costs including infrastructure, installation, and maintenance limit the-$maje
deploymenbf the fast chargingystemg21]. Furthermorgoverheang and potentia
damage to the battery cells due to the rapid power delivery are othersseeghat
areunder researchMoreover, local grid distribution facilities needle upgrade to
handle theintermittentultra-high power demand from the grid caused by the¢ fas
charging [22], [23]. Consequently, the level 3 charging requires largebadird
charging stations and is mainly designed for commercial andicpebarging

applicationg24], [25].

1.4.2 Alternaive Chargingrechnique

Although the fast charging technique can significantly reduce the EV charging
time, it is still muchslower tharfill ing up a traditional ICE car at a gas station. Instead
of charging the EV battery pack overnight at home or waiting 30 minutes to 1 hour at
charging stations, Tesla reported a battery swapping technique in[28]13The
battery swapping technique takes only 90 seconds to swap an empty battery with a fully

charged battery, which is even faster than filling up a gasolin¢2Zar However,
13



current battery swapping techniq@etoo specific to be appd to different models of
EVs. Therefore,universal industrial battery swapping standards #relcost per

swapping must be determined befandespread deployment tiis technology

1.5 EV Onboard Chargers

1.5.1 ChargefConfiguration

Researchers have studied various techniques to improve efficiency and power
density of EV chargerf28]i [31]. A typical EV charger configuration is shownFig.
1-8, which consists of an ADC PFC stage and a galvanically isolated-DC
convertef32], [33]. The PFC stage interfaces between the AC grid and a DC voltage
link to achieveunity power factorand rectification [34]i [36]. The DGDC stage
interfacesthe DC voltage link and an energy storage system, such as a high voltage
battery pack37]. An EMI filter is requiredbetween the grid and the PFC stage to filter

out highfrequency noises generated by the PFC stage.

EMI [ AC T DC High Voltage
_| Filter | DC le__L___| DC le Battery

PFCstage DCLink | solated
Capacitor DC-DC stage

Fig. 1-8 Typical EV charger configuration

1.5.2 PowerFlow of Onboard Chargers

For unidirectional grigto-vehicle (G2V) chargers, LLC converters are comiyo
selected as the DDC stage[38], [39]. Recent studies indicate that EVs can be
considered as distributed power sources to store and send power back to[¢@igrid

[42]. This vehicleto-grid (V2G) concept allows EVs to provide voltage and frequency
14



regulation to the grid, absorb excess electricity and deliver it to the grid during periods
of high demandAdditionally, V2G capability helps the users to supply power to
household appliances in case of emergenties.V2G capability requires EVs to have
bidirectional charging systems which are able to operate in two power flow modes:
charging mode (G2V) and discharging mod@@®). Therefore all the stages of the
onboard charger (shown Kig. 1-8) includingthe EMI, PFC and DGDC converter

requirebidirectionalfunctionalty [43]i [46].

1.5.3 MHz OnboardChargers

Table1-3 lists specifications o$electeccommercial onboard chargers for EWs.
can be seen thahé¢ onboard chargers can take up considerable vehicle space and
weight Inside the chargerpassivecomponents, such as inductors, transformers, and
capacitorsare the bulkiest and heaviest paftserefore, m order to reduce the size and

weightof the onboard chargersigheroperatingfrequentesbecomes a necessity.

Table1-3 Specifications oselecteccommercial orfboard chargers for EVs

anecure (P QU g ercency 00 5 e
Delphi N/A 85265 170440 3.3 94% Liquid 5.6 5
Currentways N/A 110240 112450 3 92% Air 13.7 12
Currentways N/A 110240 112450 3 92% Liquid 7.5 N/A
Currentways N/A 110240 112450 6.6 96% Liquid  N/A N/A
Delta N/A 220 N/A 3.3 94% N/A 5.5 N/A
Delta N/A 240 N/A 6.6 94% N/A 5.6 N/A
Lear N/A 110240 200420 3.3 92% Liquid 11.7 9.3
Signet N/A N/A N/A 3.3 92% Air 19.2 15

15



Global

Power N/A 85265 200430 3.5 95% N/A 3.2 3.7
Eletronics

Global

Power N/A 85265 200430 6.6 95% N/A 4.1 4
Eletronics

Brusa NLG664 200250 200450 6.5 90% Liquid 11 12
Brusa NLG513 100264 200520 3.3 93% Air 7.3 6.3
Brusa NLG513 100264 200520 3.3 93% Liquid 5.9 6.2
Brusa NLG664 360440 310430 22 94% Liquid 149 12.0
Brusa NLG667 360440 570750 22 94% Liquid 149 12.0
Tesla N/A 85300 50-430 19.8 N/A Liquid  N/A N/A

For a power MOSFET based onboard charger, the typical operating frequency is
less tharl00 kHz. For an IGBT baseaystemthe operating frequencyiistens of kHz
level. Theoretically if the nominal operating frequency is increased ftens ofkHz
to 1 MHz, the size and weight ah onboard chargetan bereduce by about 50%

[47].

1.6 Power Deviceselection forOnboardChargers

MHz level operating frequencyith multi-kW power ratings not achievablasing
conventionalpower devicesTraditional power switches, such as IGBTSs, have very
high voltage and current ratings (>1 kV, >500 A), therefore theyajapeopriate for
applicationswith multi-kW powerlevels. However, IGBTs have &erylow operating
frequency (<20 kHZz48], which results in bulky passive components in the converters.
In comparisonsilicon (Si) basegpowerMOSFETSs can achieve high frequency (>200
kHz) with multi-kW operation[49], but have a restricted operating temperatundiich

increagsthe cooling requirements foigh power EV chagersleading to low power

16



density Researclon emerging widéandgagWBG) semiconductar;, such as silicon
carbide (SIC) and Gallium Nitride (GaN) based power deviggsmote the
development of higipower, high-switchingfrequency MOSFETwith high operating
temperature The properties of the WBG devioeake it a very good candidate for
power dense applicatioms harsh environmenHence, atomotivemanufactures are
considering SIGVBG devices for theifuture productg50], [51].

Table 1-4 lists some major electat properties of different semiconductor
materialg52], [53]. SiC and GaN have higher bandgapsomparison with Si, which
means more energy is needed for an electron moving from valence band to conduction
band. This property bringde SiC and GaN higher temperature stability and sake
them more suitabléor the high-temperatureenvironment such ake harsh operating
conditions inside a vehicl&urthermore, the WBGemiconductorlave much higher
electric breakdown fields than -Basedsemiconductorswhich leads tancreased
voltage blocking capabilitiesTherefore, theoretically, with the same layer structure
and dopant density, WBG materials can achieve higlan-source voltagedn other
words, with the same breakdown voltay¢BG semiconductors requires much lower

blocking layer thickness.

Table1-4 Electric properties of different semiconductors

. 3C 6H- 4H-
Property Si GaAs sic  sic SiC GaN
Bandgap (eV) 112 143 24 30 32 34

Electric Breakdown Field (MV/cm) 0.25 03 20 25 22 3.0
Electron Mobility (cn¥/ VA's ) 1350 8500 1000 500 950 800
Hole Mobility (cm? V A's ) 480 400 40 80 120 30

17



ThermalConductivity( W/ ¢ mA 15 05 50 50 50 1.3
Direct/IndirectBandgap I D I I I D

Due to thee benefitsWBG semiconductor market &mergingrapidly in recent
years[54]. Table1-5 lists some major parameters of selected commercial MOSFETs
[55]1[58]. It can be seen that, in comparison withb&sed devices, with the similar
drainsource voltage and drain current, SiC and GaN devices have much less drain
source on resistangewhich brings much lower conduction less Furthermore,
reduced input ashoutput capacitancesake the WBG devices able to operate at high
frequences with lower gate driving and switching lossé&doreover, he body diode
reverse recovery time and chargeleSiC device are much lowand lesghan those
of the Si deviceswhich further lowes switching losses of the SiC device. FoeGaN
device, there is no intrinsic body digdehich meanszero reverse recovery charge.
This propertyallows GaN deviceto be operatedt multi-MHz levels with relatively

low switching losses.

Tablel1-5 Parameters of selected commercial MOSFETs

Part Number  IPB60R160C6 APT24M120L C3MO0075120K  GS66508T

Material Si Si SiC GaN
CoolMOS POWER Island

Technology super junction  MOS 8TM C3M Technology

Drain-source 650 1200 1200 650

voltage (V)

Drain current

at 25¢ (A) 24 24 30 30

Static drain

source on

resistance 160 500 [ 50

(mW)

18



Input

capacitance 1660 8370 1350 260
(PF)

Output

capacitance 314 615 58 65
(PF)

Fall time (ns) 8 42 11 5.2

Rise time (ns) 13 27 11 3.7

Body diode
forward 0.9@11.3A 1IV@12A 45V@10A -
voltage (V)

Body diode
reverse
recovery
time (ns)

Body diode
reverse
recovery
charge(nC)

Price (USD) 3.09 19.80 12.50 16.25
*Price data is based dvouser as of March 2018 and is subject to change

460 1270 18 -

8200 30000 220 -

With all of these benefits, WBG devices hayga@misingfuture for highfrequency
and highpower applications. Therefore, this wartlizesSiC and GaN devices for the

converter designs.

1.7 Challenges in MH#evel DGDC Convertes

1.7.1 Parasitic Components

The major challenge in MHIevel convertedesign is to minimize the impact of
parasitic components of the PCBs since the ringing caused by the parasitic components
will significantly affect the normal operation of tlkenvertey and may even lead to

system failure Therefore, the PCB should be liv@esigned with short routing paths
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and as few througholeviasas possiblén thegate driving circuit$o avoid unexpected

parasitic components.

1.7.2 High-frequency Magnetic Components

At MHz-level frequencies, the skiaffect will significantly redue the effective
crosssection area of the magnetic componeindings which results in high
conduction loss.Moreover, he proximity effect playsnotherimportant rolein planar
transformer winding loss. A wetlesigned winding structure &necessityo achieve

apower dense design witbw losses o the magnetic components.

1.7.3 Switching Loss

With the increasing of operating frequency, the switching losses MO®RFETs
will significantly rise, whichresults inconsiderableefficiency drop. Therefore, seft
switching techiques such as zergoltage switching (ZVS) and zexurrent switching

(ZCS)mustbe applied to reduce switching lesMHz frequency level

1.7.4 High-frequency Control Signals and Gate Drivers

Theconveteris controlled by a DS#ased platformfor whichthe control signals
mustbe clean and robust at MHz frequencies. The contedfgpm shouldbe fast
enough to respahbased on the feedbaftom the sensors. In addition, gate drivers
have to be properly designéal follow the control signalat high frequencieshave

enough power to drive the gates, &ade high noise immunity
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1.7.5 Integration between PFC and IDT Stages

Although the work in this dissertation mainly focuses onDReDC stage, avell
design for a twestage integration is crucial for future work, which will include
integration of all stages of an onboard charggath PFC and D@C stages are
switchedmode power supplies (SMPSs), which generate -frigguency
electomagnetic interference (EMI). It is challenging to avoidgh@pagation of noise
between théwo stages when they are connect8ohce the charger consists of two
power converting stages, an appropriate control strédegpordinaing the two stages
andmaximizingthe efficiency isanother challengm the MHz bidirectional onboard

chargerdesign

1.8 Intellectual Merit and Contributions

This work mainly focuses on highhequency highpowerdensity DCGDC
converters for EV onboardhargers usingmergingWBG devices. The proposed
circuit design methodologyhe detailedmodeling and design of higinequency and
high-power magnetic componentse innovative planar transformer desigmd the
concept ofthe compactonboard chargewill have aprofound impact on the next
generation EVs and PHEVs or any other applications requiredpaglerdensity
converters.

Themaincontributions of this work are listed as below:

1) Detailed analysis and comparison of CLLC and dual active bridge converters

for EV onloard chargrs are presented
2) An innovativeplanartransformer desigwith adjustable leakage inductance is

proposed.
21



3) A comprehensive power loss model for Midxel, highpower planar
transformer is established.

4) A novel GaNbasedMHz level 3.3 kW CLLC converter is dgigned and
implemented that achieves peak efficiency of 97.2%Based onour best
knowledget hi s i s t bidirecionalCLLL @anverter witls such high
operating frequency and power rating. The power densitth@prototype
reaches 9.22 W/c#r(151.1 WI/irf), which istwice higher than other statsf-
the-art designs.

5) A generalizedoss evaluation methodology is also proposed in this work to
provide detailed power loss analysis of the ensiystem The proposed
methalology can bepplied tofuture designs of converters with even higher

frequency and poweatings.

1.9 Summanand Outline of Dissertation

This chapter introduces the charging systéon€£V applications The benefits of
high frequencyidirectionalonboard chargers are presented, andtiadlenges in the
design areliscussedDifferent charging profiles for Lion batteriesrealsointroduced
and a brief comparison of differetyypes ofpowersemiconductais provided.The
rest ofthis dissertatinis organized as follows.
Chapter 2 provides an overview tlfie stateof-the-art bidirectional DC-DC
convertersFive different bidirectional DEDC topologies (hatb r i d g e, Luk, SEP
CLLC, and DAB) are discussed and compai@dEV onboard charger applications.
Severaldesignsof MHz-level convertes are ato reviewed. The potential topologies

for onboard charger applications are seleetedellin this chapter.
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In Chapter 3, a comprehensive comparison between the two potept&igies,
CLLC and DAB, are provided. The operating principle, design methodology and
appropriate application of the two topologies are analyZagatthermore, he
performances of the CLLC and DAB converter prototypes are demonsaated
comparedn thischapterandfinally, the CLLC topology is selected for the Mitvel,
high-power converter design.

In Chapter 4 an innovative design methodology of a planar transformer with
adjustable leakage inductance is developed. A comprehgresiar loss model adhe
proposed high frequency integraddnar transformes also presented.

In Chapter 5the design of &idirectional CLLC converter with 1 MHz operating
frequency and 3.3 kW power ratingpsesentedThe transformer desigdin Chapter
4 is applied o the proposed convertek.detailed system level power loss analysis is
provided Furthermore, aontrol methodlogy of the proposed converisinvestigated
and introduceMoreover, aprototype is designed to validate the proof of concept.
Simulation and experimental results demonstrate that the propageérequency
compact bidirectionatonverter achieves high efficiency withde output range.

Finally, a conclusion of this dissatton, the contributions of the research work,

and the future work are presedin Chapter 6.
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Chapter2Hi grhequency Bi ®DCr €onmvemnaler B

St aottehler t

2.1 Introduction

For a bidirectional onboard charger, an uttcempact, highly efficient and
bidirectional DC-DC converter is desired. In order to achieve those objectives, the
topology for the finalconverterdesign must be chosemd optimized from several
different types of DEDC topologies.
In this chapter, the statd-the-art DGDC caverters are reviewed for EV onboard
charger applications. Section 2.2 compares the performances of conventional half
bridge, Luk, SEPI C, @lsdleCt the beat dandAtd&stloe o nvert e
onboard chargeapplication In Section 2.3, severaldti-frequency converter designs
are studied to show the current status of the research ofrbiglency and higipower

DC-DC converters. Finally, a summary of the reviews is conducted in Section 2.4.

2.2 Review oBidirectional DGDC Converters

Many topol@ies have the potential to function as the bidirectionatmiC
convertes for EV chargers[59]i[67]. Fig. 2-1(a) illustrates a conventional
bidirectionalhalf-bridge DGDC converter topologyit can operate in either buck or
boost mode to transfer power in both directions. During G2V mode, s@itateps
off and the conveer operates as a buck EEIC converter as shown iRig. 2-1(b).
Similarly, during V2G mode, switc keeps off and the converter acts as a boost DC
DC converter adlustratedin Fig. 2-1(c). Therefore, with this bidirectional BDC

converter, the Ddink voltage should be higher than the battery voltage.
24



AC-DC
Coverter,

Battery

G2V mode

Ac-DC| Cuink
Coverter ]

- | Battery

(b)

AC-DC
Coverter|

V2G mode

Clink

- | Battery

(€)

Fig. 2-1 Bidirectional halfbridge DGDC converter (a) topology (b) G2V mode (c)
V2G mode

L uk c o asswntirgig. 2-2(a) is another bidirectional DOC converter

[68], [69]. It basically consists of a boost topology and a buck topology in series

conneckdwith an energy storage capaci@r. The inductord; andL2 can be coupled
for reducing input and output current ripplésh e
can be either higher or lower than the input voltage in both directiothe G2V mode,

S is off and the body diode & operates as the main diode (showrrig. 2-2(b)).

out put

voltage of

Similarly, in V2G modeS, keeps off and the body diode ®fworks as the main diode

(illustratedin Fig. 2-2(c)). In comparison with conventional hdifidge converter, the

Luk converter

has

benefits of

cont i

ripples, which ardeneficialproperties for the battery charging and dischaygin
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Fig.223shows a rearr ange me n singleehdedipirkaryc onv e r t
inductor converter (SEPIC). It can also achieve eithergepr stepdown gain with
l ow current ripples and the operation mode
I n addition, comparing to bvwrerhaschegamet er , t

polarity of the input.
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Fig. 2-3 Bidirectional SEPIC DEDC converter
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One main isseiof the DGDC converters listed abovethey operating unddrard
switchingconditions The switching loss would be huge when the converters operate
at MHz frequencies, whicimakes these convertenst suitable forhigh-frequency
desigrs. To achieve sofswitchingoperationsseveral variations of the conventional
bidirectionalDC-DC converters have been studied and develpfdd[79]. However,
those topology changewmake the onvertersbulkier andheavierand the control
strategies become more compl@xother issue of these convedées they are all non
isolated,Typically, a galvanic isolation is requirddr an EV onboard charger for safety
consideration. Therefore, isoldtdidirectional DEDC converters are more popular
for the EV charger designs. Moreover, with an isolated transformer in thBMC
converter, a much wider gain range can be achieved and the control complexity
becomes relatively lower.

CLLC and dual active ridge (DAB) converters are two typicgalvanically
isolatedbidirectional isolated DEDC converterswhich are commonly used as the DC
DC stages for bidirectional EV chargers due to their advantages in terms of high power
density, high efficiency, buck/lost capability, and controllable bidirectional power
transfer[80]i [88]. Furthermore, both CLLC and DAB converters can achieve soft
switching operatiomaturallywithout addinganyauxiliary circuits.

Both CLLC and DAB circuits can be designed with foilidge andhalf-bridge
structures. Different topologies require different design methods and are appropriate
for different applications. A bidirectional fdliridge CLLC (FBCLLC) converter
(illustrated inFig. 2-4(a)) is introduced if89]. The converter is proposed for a 500 W

power rating, 400 V inputand 48 V output UPS system, and possesses ZVS and ZCS
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featuresto minimize switching loss. The highest efficiency of the prototype exceed
96%. In[90], a design methodology for a 5 kW FBCLLC converter with soft start
control is presented. The prototype is proposed for a 380 V DC power distribution
system and the highest efficiency is 97.8% at 4 RMCLLC-compensated capacitive
power transfer system for electric vehicle charging applications is propogéd]in

The power rating of the system is 2.9 kW and the efficiency is 88Ba%ic operating
principles and simulation results of a Raffdge CLLC HBCLLC) converter (shown

in Fig. 2-4(b)) are reported i[®2] without providing detailed experimental verification.
SLQ SB_EI_} Charging mode S Ss_EI_} SLQ

L]_ L2
YYY Tr
Ac-DC| Cuink L Cout
Coverter T [ C, ==| Battery
— —
SiEI—} SL% Dischar ging mode Si% Si%

@
s I C11- Chargingmode= C21-_ s I

[ L1 I-2
YYY Tr
Ac-DC| Cuin
Coverter T Lm Cou
=—| Battery
SZ C12 ) ) C22 SB
= Discharging mode -

(b)
Fig. 2-4 Bidirectional (a) FBCLLC and (l)IBCLLC resonant converters.

Fig. 2-5(a) illustrates the topology of a futridge DAB (FBDAB) converter. An
overall study of FBDAB converters, including steady state and siggdal analyses,

is presented if93]. Detailed operating principles, design consideratiand control
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method for a 10 kW FBDAB convier are discussed if®4]. Furthermore[95]
presents a design of a 5 kW prototype FBDAB converter for a 380 V input a8l 20

V output charger for a UPS system. The highest efficiency of this converter exceeds
96%. In addition,[96] presents a 7 kW, 390 V input and 180 V output FBDAB
converter for aircraft electric energy storage systems. The highest measured efficiency
of this prototype is 90%An analysis of switching condition and loss modeling of GaN
based DAB converter for E¥harger is provided iff7], the modeling is verified by
experimental measurement of a 500 kHz GaN DAB conveitdralf-bridge DAB
(HBDAB) converter (illustrated irfrig. 2-5(b)) for EV onboard charger is introduced

in [98], and a 600 W prototype converter is built to verify the theoretical analysis and
control method. An averageswitch based small signal modeling ai BDAB
converter is propsed in[99], and a control method based on the small signakfimay

is verified by a low power level prototype. By analyzing the optimal operation regions
of both FBDAB and HBDAB converter§l00] proposes a combined circuit which is
able to switch between FBDAB and HBDAB to achieve high efficiencafade load

range The validity of the circuit is verified by an 800 W prototype and the maximum

efficiencies are 92.9% at light load and 93.4% at full load.
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Fig. 2-5 Bidirectional (a) FBDAB and (b) HBDAB resonant converters.

)

Frequency modulation is the basic control mettwwdbdth FBCLLC and HBCLLC
circuits. For FBDAB circuits, various control strategies, such as spigseshift
(SPS), extendeghaseshift (EPS), duaphaseshift (DPS), and triplhaseshift
(TPS) controls, can be applied through manipulating the ostalifis of the switches
on both primary and secondary sides of the convei@Hji [103]. For aa HBDAB
circuit, which consists of four switches, only SPS control method can be applied.
However, the halbridge topology has benefits in terms of reduced size, weight and
cost, due to the reduction of the switches, corresponding drivingtsirand cooling

systems.
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Therefore, both CLLC and DAB DOC converters can be the candidates for EV
onboard charger& comprehensive analysis and comparison of theséidirectional

resonant DEDC converters will be provided in next chapter.

2.3 Review oMHzlevel DGDC Converter Desigsn

As mentioned in Chapter 1, it is a challenge to design éeDBConverter with
MHz-level operating frequency and mukV power rating simultaneouslyMost of
the available designesan achieve either highowerlow-frequency or high
frequencylow-power design§l04]i [109]. Most of the research on MHz rangewer
converters still focusson unidirectional converters, and the power levels are below 1
kW. A 1 MHz LLC resonant converter based on a BifiRen SilicorOn-Insulator
(SOI) power MOS Module has been designed 0b]. The maximum output power is
120 W and the highest efficiency is 94%. A Ghaked 25 V to 100 V Dickson
switchedcapacitor converter is designed [b06], and the converter achieves a
switching frequency of 1.2 MHz and a peak efficiency of 92%. However, the maximum
power output is only 263 W. I[f107], a GaNbased 40 to 180 V input, 351 V output
boost converter is proposed. The operating frequeeeghesl MHZ, and the
maximum power output is 425 W with 95% efficiency.

To achieve higHrequency and higipower operations, WB@evices are typically
used in the designs. Sd@viceswith over 1.2 k\Woltage ratingand over 48 Acurrent
rating haveoperated successfully in a 1 MHz 1.2 kW convefi®4]. The low on
resistance of the SiC MOSFETSs brings low switch conduction loss in the dasign.
shown inthe previous chapter, comparithg SiC MOSFETs, GaN MOSFETs have

even lower ofresistance and shorter falling and rising times, which means the GaN
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MOSFETs are able to operate at a higher frequency with lower conduction and
switching lossedn [47], it is shown that increasing the switching frequency from 65
kHz to 1 MHzwith GaN switcheselps reduce the combined size of capacitors and
inductors by about 509d.wo GaN-based6.6 kW CLLC converters as a part of the
onboard chargers adesignedn [108], [109] The converter operates at 500 kHz with
the objective of making the magnetics Hfabfile, which was facilitated by two
interleaved planar transformers.

Based on thepecificationsboth SiC and GaN MOSFETSs have the potential to be

used as the switchesngh-frequencyon-board chargersf EVs.

2.4 Summary

In this chapter, different DOC converter topologies adéscussed and compared.
It is concluded that for higfrequency, higkpower, bidirectional DEDC converter
desigrs, CLLC and DAB topologies are thgestcandidates due to their wide output
range, high efficiency, galvanic isolation and capability of bidirectional power transfer.
The detailed analysis and final topology selected for Nhidquency design will be

discussed in next chapter.
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Chapter 3C o mp r e hAennasl i yvs€@ osm paancodif s €h L C

and DAB Conv@nmldearsd fOoplareEg/atr i dn s

3.1 Introduction

Among all the DEDC topologies reviewed in Chapter 2, the CLLC and the DAB
are the best two topologies for high frequebairectionalonboard chargsifor the
following reasons:

1) Wide gain rangeBoth CLLC and the DAB converters hawgde gain ranges

In addition, the transforméurns ratiocanbe adjusted téurther extend thgain
range.

2) Higher efficiency: Both CLLC and DAB are resonant convert&vsth careful
design, the switches in these converters can operate witbvatdhing, which
would significantly reduce the switching loss, especially at MHz operating
frequencies.

3) Galvanic isolationDue tothe existenceof the transformer, the primary and
secondary sidemregalvanially isolated which ensurethesafety of the battery

and the grid against electric failures.

CLLC and DAB converters have different structures and operating principles, and
both of them have halfridge variations. In order to determine which topology is the
most appropriate for EV chargers, it mecessary to discuss the advantages and
disadvantges of the different topologies. In thchapter four DGDC converter

topologies, FBCLLC HBCLLC, FBDAB, and HBDAB, are analyzed. The design
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methods of the four topologies for EV charging systems are introduced, and 1 kW 200

kHz prototypes for each topay are built to validate the analysis and designs.

3.2 Theoretical Analysis

CLLC and DAB converters are resonant switching converters. In order to ensure
higher efficiency, the circuits need to be designed to operate undeswsihing
conditions. In thease of CLLC converters, ZVS operation can be achieved on primary
side power MOSFETswhile ZVSand ZCS operati@can be realized on secondary
side rectifiers. In the case of DAB converters, both primary and secondary side power

MOSFETSs can operate undé&v'S condition.

3.2.1Bidirectional CLLCConverters

A) Operating Principles

The bidirectional CLLC converters have symmetrical structures consisting of
primary inverting stages and secondary rectifying stages. FOFBILC circuit
(shown inFig. 3-1(a)), L1 and L> are resonant inductor§;: and C> are resonant
capacitors. In comparison, ti#BCLLC circuit (shown inFig. 3-1(b)) uses bridge
capacitors €11, Ci2, Co1, and Cy2) as resonant capacitors. The turns ratio of the

transformefT; is n:1, and its magnetizing inductancelis
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Fig. 3-1 Bidirectional (a) FBCLLC and ((liBCLLC resonant converters.

The resonant componerftsm a resonant tank in the convertenich isshown in
Fig. 3-1(a), and theesonant tank performs either capacitive or inductive with different
operating frequencie$ig. 3-2(a) shows the waveforms of the resonant tank voltage
and current when the circuit erates irthe capacitive region, which results ianqt)
leadingviandt) with a phase difference Gfeading It can be seen from the figure that the
switches turn off with ZCS, however, when the switches turn on and freewheeling
diodes turn off, hard switching occurs. Tieverse recovery process of freewheeling
results in significant switching lossand congierable electromagnetic interference
(EMI) noises. Therefore, it is not recommended to apply this capacitive operation to

high-frequency applicationd 10].
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Fig. 3-2 Resonant tack voltage and current with (a) capacitive tank and (b) inductive
tank

In comparisonFig. 3-2(b) illustratesthe waveforms of resonantrtavoltage and
current when the circuit operates in the inductive region. In this ieag®, lagsviant)
with a phase difference @fagging. As seen in the figure, although the tafifi process
of the switches is hard switchirthe switches turn owith soft switching. Furthermore,
the freewheeling diodes achieve soft switching during both-darand turroff

processes. Therefore, the reverse recovery losses from the diodes are eliminated, and
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the EMI noises can be significantly reduced. Basedhisranalysis, in higlirequency
and highpower applications, the CLLC converter is required to operate in the inductive
region.

Fig. 3-3 illustrates detailed waveforms of atypical bidirectional FBCLLC or
HBCLLC circuit operating at a switching frequency lower than its resonant frequency
(f<<fr). The dead band duration is the time betweeando , where all the switches
are off to prevent the lafge from shoethrough. In this interval, no power transfers to
the secondary side, and the secondary side resonant inductor cQrieagro. At time
0, the gate voltages, andb (only0y for the HBCLLC circuit) are applied. The
primary side resonant inductor currefl®, is negative, which means the current
freewheels through the body diodes™fand™Y (only “Y for the HBCLLC circuit),
therefore™Y and™Y (only Y for the HBCLLC circuit) will turn on with ZVS ab .
Beyondo , power transfers from the primary side to the secondary side through the
transformer anQis positive. Betwee®d ando , ‘Qresonates and the magnetizing
inductance current), keeps increasing almost linearly, sificeis much largethan
0 . When'QmeetsQ ato, previous resonance stops, and no power transfers to the
secondary side, hen&@becomes zero. The body diodesYand™Y (only Y for the
HBCLLC circuit) will turn off with ZCS naturally. The other half cycle has similar

operating mode but with opposite current direction.
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Fig. 3-3 Typical waveforms of a bicectional FBCLLC or HBCLLC converter
operating at a frequency lower thie resonant frequenays < fr).

The waveforms when the converters operate at the resonant fredfsenty and
a frequency higher than the resonant frequdfcy f;) are shown irFig. 3-4(a) and
(b), respectively. It can be seen from the figure that, the waveforms in these cases are
similar to those in the cas# fs < f;, howeverthereisnoicut of f 0 ti me (du
betweent: andtq in Fig. 3-3) in the casesf fs = f, andfs > f.. Thereforethe output
currents in these cases are continu@gisore the deadtimegnd the efficiencies are

higher.
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Fig. 3-4 Typical waveforms of a bidirectional FBCLLC or HBCLLC converter
operating at (abhe resonanfrequency(fs = f;) and(b) a frequency higher than the
resonant frequendys > fr).

B) Gain Analysis

The equivalent circuits of theBCLLC converter and HBCLLC converter for

charging mode are shown kig. 3-5(a) and (b), respectivelyY , 0 , andd are the

equivalentY , 0 , andd of the converters, respectively.

L, L, L, L,
YYY YYY YYY
Az, Az /2 .
%9 Lm% e } Cubrd Ca gR,
| [
G C. Ci2 Ca
(b)

(@)

Fig. 3-5 Equivalent circuits of (a) theEBCLLC and (b) thedBCLLC converters in
charging mode.
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The general transfer functid@ i of CLLC converters can be derived as follows:

|©

v~ Yh
Ol - - = -
Yo 0 O @ & Ye & @

t— — - (3-1)
@)

m

The gain of thé&-BCLLC converter can be calculated as

0§  ois sos Po P (3-2)
W E NO
where,
P P
= —_ 3-3
©® nH P (3-3)
(’b TQ p p 6 NQ ?’Q’?’ t 6 3.4
0 p FQ 0 0 P 0 t] T (3-4)
0
T Q —
I’ U
P ~. U
v Q 0
P06
Ly Q —
) (35)
[y 1 1_
'y 1
'y p
' 006
3 _
l’fa 0 70
w Y

1 and are the resonant frequency and operating frequency, respedgtivislyhe
normalized frequency, antis the quality factorThe First Harmonic Apmximation
(FHA) is applied to calculate the equivalent load. For FBCLLC circuit, the equivalent

load, inductance, and capacitance can be calculated as:
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0 &0 (3-6)

Y — Y

1P

L B

F g 0 0

L, 0 0 0 (3-7)
Lr o

s O

I’p &

r 0

v 9 T

Fig. 3-6 shows the gain curves versus normalized frequency at different(lcads
different0 s). The gain increases, but the slope of the curve decreases with @ lower
To simplify the design, for both FBCLLC and HBCLLC converté@snd Qare set to
be 1, which means 0 andd 6, andQis set to be 4This brings the same

resonant frequency in both G2V and V2G directions.
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Fig. 3-6 Gain curves versus normalized frequency of CLLC converters at different
loads.

In discharging mode, the equivalent circuits of BERCLLC converter and the

HBCLLC converter are shown frig. 3-7(a) and (b), respectively.

L, L, Ly Lo
YYY YYY YYY YYY
Rers b3 Lm Az Re e Cﬁl Lm C;|21 Vi, /2
I I " "
R I m 1l
G C. Cis Caz

(a) (b)
Fig. 3-7 Equivalent circuits of (a) thEBCLLC and (b) thedBCLLC converters in
discharging mode.

For FBCLLC circuit, the parameters will be derived as:
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In discharging mode, the gain of the converter is derived as follows:

where,

"O R égﬁL
Vo Q
o 2o P
"Q "Q-t'_|
Q P p 0 1 o
2 P afa ai @ P 01
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With the sam& and6 values, the ,"Q,"Q, and’Q of both FBCLLC and HBCLLC
circuits will maintain the same values as the, 'Q "Q andQin charging mode,
respectively. However) will change since the equivalent load changesan be

calculated as:

1
m
<

(3-14)

C ‘l|

C) Softswitching Region

Fig. 3-6 shows the inductive and capacitive resonate network regions of the CLLC
circuit. The resonant network is inductive when the slope of the gain is nededive.
previously discussed, soft switoly can be realized itheinductive region. To ensure
the primary switches turn on with ZVS, the magnetizing inductor current should be
large enough to fully charge/discharge the output capacitors of the MOSFETSs during
the dead band time. The maximum abf0O for a FBCLLC converter is derived in

[90] as follows:

P G 19
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Similarly, for an HBCLLC converter, th& can be calculated as:

0
v o~ 3'16
T (319
where,0 is the dead band time duratiol, is the output capacitance of the

MOSFET, and(, is the maximum switching frequency.

3.2.2 Bidirectional DABConverters

A) Operating Principles

Typical steadystate waveforms ofraFBDAB converter (shown irrig. 3-8(a))
with singlephaseshift control at heavy load conditions are showRig 3-9(a). It has
been assumed that ¢ @ andQ 0 L. "Yis the switching period, an®f
pF'Q where'Qis the switching frequency. The pheastdft between the two bridges,
0 ,isOYIg, andOis from 0 to 0.50 is the voltag on the secondary side of the
transformer, an@® is the input voltage of the rectifiay. is the voltage across the
inductor,0, therefored 0 0 ."Qis the inductor current. Prior to, 0 ,0 , 0
and0 are on, and ,0 ,0 ard0 are off. Atdo ,0 and0 turn on,0 andd
turn off. ®  later,0 and0 turn on,0 and0 turn off. Qis negative ab and
positive atd , which mean® ,0 ,0 and0 turn on with ZVS. However, in light
load conditionsQmay be positive ai and negative ai , as shown irFig. 3-9(b),
which means ZVS canhde achieved. The other half cycle has similar operating
modes but with opposite current direction. The HBDAB circuit (showrign3-8(b))

has simiar waveforms with half inductor voltage.
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Fig. 3-8 Bidirectional (a) FBDAB and (b) HBDAB resonant converters.
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B) Gain Analysis
Fig. 3-9(a) shows the inductor voltage and current ofRB®AB circuit. Between

0 ando,V isw ¢ w, and the inductor current atis

oY
Vo QO T O’ O (3-17)

where,’Q 0 is the initial inductor current. Similarly, at, the current is
p O7Y
cO

Q0o Q0o wlk (3-18)
At steadystate, the current waveform is symmetric, @@ should be equal to

‘Q 0 . Thereforethe initial current of the inductor can be calculated fr8rh7) and

(3-18) as

y
Qo w5 P COw w (3-19

The average inductor current in enalf cycle can be derived as

. ¢ Qo Qo Y Qo Qo Y
(@) 0~ O— p O —
Y q q C C
(3-20)
L Op Ow
D

Neglecting the power loss in the circuit, and assuming the load is resistive, the input

powerd should be equal to the output powser , therefore
5 —0 — b (3-21)

From @-20) and 8-21), the gain of thEBDAB converter can be calculated as:
O o © P SL'O O 3-22
h R & Cvﬂ‘) p ( - )

The output power is derived as



=0 Op © (3-23)

and the output current is

O -

D Op ©O (3-24)

Similarly, the gain, output power, and output current of the HBDAB can be derived

respectively as follows:

B
- W w
o - —~_0p © (3-26)
UECD
‘O s ® O O 3-27
h ll’énm p ( - )

In discharging mode, the gain, output power, and output current BBIDAB can be

derived respectively as follows:

. pP.Y | ,
R . A} -2

0 : © @ (@) (@) 3-29

) h C\S,\Q\) p ( - )

(O] : @ (0] (0] 3-30
h cé!Q) p ( - )

For the HBDAB circuit,

O : e SL'O (@) (3-31)
e P

- ww ,

0 R D Op © (3-32
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O § —=0p © (3-33)

C) Softswitching Region
According to the analysis, to ensure fully ZVS operation, the inductor current is
required to be negativeat (i.e. Q 0 1), and positive ab (i.e."Q 0 ). From

(3-17), 3-19) and 8-22), the requirements of phaskift O can be calculated as

follows:
... O P ..
e o Q0 p
\ Y (3-34)
e p O
U,O T Q0 p

Equation 8-34) can be applied to the HBDAB circuit as well. Based384), the
ZVS region of bothFBDAB and HBDAB converters is shown #Rig. 3-10. The
converters can always operate under ZVS condition when the gafb.i©therwise,
with lowering the phasehift, the ZVS region of the converter decreases. Therefore, in
light conditions, since the phashift must be smaller to maintain the gain, the

converters may loss sedtvitching, which will cause large switching losses.
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Fig. 3-10 ZVS region of DAB converters.

3.3 Design Methodology

To demonstrate the design methodologies of both CLLC and DAB converters, a
design specification must be determinkdcharging mode, the input voltag of all
four topologieFBCLLC, HBCLLC, FBDAB, and HBDAB)are 500 V,which is a
typical DC-link voltage for an onboard chargdihe output voltage range is 208220
V for battery chargingFor discharging mode, the input volta@e. battery voltage)
range is 350 420 V,in order to prevent the battery from deep dischafge. output
voltage(i.e. DGIlink voltage)is 500 V. In this chapter, the nominal operating frequency
for both charging and discharging modes is 170 &itzpower rating for the converters
is set to be 1 kW.
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3.3.1Bidirectional CLLCConverters

For the CLLC converters, the transformer turns ratie set to be 1.5 in order to
step down the input voltage and simplify the control. The G2V gain, therefordye
designed to be®It - p&7¢, and the V2G gain range should be wider théne -

8o @. Furthermore, the curve of the two gains should decrease monotonically in the
designed zone for linear control. FroRig. 3-6, a largerd can give a narrower
operating frequency range, whereas a smallaan guarantee the gain and the
monotony of the gain. In this desigh, 1@ is chosen for full load conditiony

p X @ in charging mode and the resonant frequéfy designed to be 170 kHz. For

a simplified designd is equal tad , andd is equal td) . The relation betweei and

0 isgivenin[111]. Larged reduces the peak current, which lowers conduction loss,
but it will also reduce the gain of the circuit. Furthermore, fr@1i%) and 8-16),
largerb may cause hard switching of the power MOSFEIee to an insufficient
resonant tank currentTherefore, considering the trad&# between gain and
conduction loss) is chosen to be four times larger than Hencep ,0 ,0 ,0

ando , for the FBCLLC circuit can be calculated frogi¥) and 8-6), which will lead

to,
.0 pcar O
>0 va&' 0
. 060 x®&O (3-35)
0 p@eO
0 T & O

Similarly, the parameters for tti|BCLLC circuit can be calculated fror3-6) and

(3-7) as follows:
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Fig. 3-11illustrates the gains of charging and discharging modes for both FBCLLC
and HBCLLC circuits with the parameters calculated above, which satisfy the design

requirements.
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Fig. 3-11 The gains the CLLC circuits in charging and discharging modes.

3.3.2Bidirectional DABConverters

Equations 3-22) and 8-28) show that the transformer turns ratibas the same
effect on the gains oDAB circuit in both charging and discharging modes. For
example, it p, the transformer will help step down the voltage in charging mode,
however, in discharging mode, the transformer will still step down the voltage. In this

design, the transformer tugmatio¢ is set to be 1.5 to balance the control pressure in
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both power flows and fully use the ZVS region showrFig. 3-10. The G2V gain,
hence, can be designed to &7t - p&7¢, and the V2G gain range should be wider
than p&7T¢ - ¢® 7€. The operating frequencQof this circuit is 170 kHz. To reduce
the reactive power and make the gain more linear, the maximaseghftO is
set to be 0.45 for the worst case. Since the system cannot operate with full power when
@ ¢ T for battery charging, the worst case happens in discharging mode with
®w ou%® vTnYandd pkw.

For theFBDAB circuit, the inductance, therefore, can be calculated froBi29):

® W

0 g C PO RO (3-37)

Similarly, for the HBDAB circuit, the inductandecan be calculated fron332):
W W

From 3-34), the minimum phasghift can be calculated for each gain. In this design,

O p © c@' O (3-38)

for both FBDAB and HBDAB converters, the full ZVS regions in both charging and
discharging modes are shown in the shadow ardag.i8-12. At light load, the phase
shift is reduced to maintain the gain; however, in this conditi@nconverterfss full

ZVS and only partial 2% can be achieved
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Fig. 3-12 Full ZVS regions in both charging and discharging modes.

3.4 Experimental Results

Fig. 3-13 illustrates the experimental setup for testing fretotypes. The
components of the CLLC and DAB circuits are listedTable 3-1 and Table 3-2,
respectively. The switches are SiC power MOSFETSs, which have high voltage and
current ratings with low output capacitance. A TMS320F28335-b&&fed digital
control platform is used to gen&gdhe control signal for the circuiSince the required
magnetizing inductande of the transformer in the FBCLLC circuit is higher than
that in the HBCLLC circuit, the transformer in the FBCLLC circuit requires more

number of turns to ensure highmagnetizing inductance.
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Fig. 3-13 Experimentabketupto test the prototypes.

Table3-1 The components of the CLLC converters

FBCLLC HBCLLC
Component Product/Value| Component Product/Value
Y-"Y C2M0080120D) 7Y, Y, Y, Y C2M0080120D
€ 18:12 g 12:8
0 522'H 0 131'H
0 131°H 0 32'H
0 60‘ H 0 15°H
0 7.8 nF 0 ,0 14.2 nF
0 17.0 nF 0 ,0 33.0 nF
Table3-2 The components of the DAB converters
FBDAB HBDAB
Component Product/Value| Component Product/Value
“Y-Y C2M0080120D| Y, Y, Y, Y C2M0080120D
€ 12:8 € 12:8
0 90‘H 0 22'H
0,0 ,0 ,0 30°F
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Fig. 3-14 shows the four prototypes. Since the four converters have similar
topologies and for simplicity as well as rapid prototyping, the converters are tested
based on one general PCB platform. Tih@ capacitors in CLLC converters are
connected in parallel to reduce ESR. Other two bridge capacitors are connected on the

bottom of the HBDAB board.

Fig. 3-14 Different DGDC converter prototypes: (a) EBRLC, (b) FBDAB, (c)
HBCLLC, (d) HBDAB.

Fig. 3-15(a) and (b) illustrate the experimental waveforms ofRBELLC and the
HBCLLC circuits in charging mode. The load is 8008/, c m#and’Q ¢mm

kHz. It is clear that, for each of theaiits, the switches turn on with ZVS. The circuits
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have similar experimental results in discharging mode since the structures of the

circuits are symmetrical.

Te..S“’P. —— B e — - Vin (SOOV/le)

o e e = ‘
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D ] - g e
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Fig. 3-15 Experimental waveforms of (a) tR@8CLLC circuit and (b) theHBCLLC
circuit atload = 800 W,V, = 400 V, ands = 200 kHz.

Fig. 3-16(a) and (b) show th&BDAB and the HBDAB circuits experimental
waveforms in charging mode at phadeft O 1@, respectively. The load is 800 W,

W omnwand’Q p x kHz. Inthiscasep w ¥¢. The waveforms show that the
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switches turn on with ZVS. Similar experimental results are obtained in discharging

mode.

Tek Frevu _ [

Vis2 (500 V/div)
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Fig. 3-16 Experimental waveforms of (a) tif’B8DAB circuit ard (b) the HBDAB
circuit atload = 800 W,V, =300 V,fs= 170 kHz, and = 0.4.

Fig. 3-17 shows an examplef light load condition. ThedBCLLC and HBDAB
converters operate at 100 V output voltage and 50 W load condition. Since the CLLC

converter is controlled through frequency mtadion and the DAB converter is
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controlled through phasshift modulation, the operating frequency is 500 kHz for

HBCLLC converter and remains 170 kHz for the HBDAB converter. The pitafie

D of theHBCLLC converter is set to be 0.1 for this light laamhdition. It is clear that

the switch of theHBCLLC converter still operates with ZVS, whereas the secondary

side switch of the HBDAB converter loses ZVS. The experimental results verify the

previous analysis.

TekPrevu I : = : L

: : ] : Vaui (100 V/diV)
o V(250 Vidiy)
Vdsz (250 V/dlv)
L
T . SO IdsZ(ZA/le)
f\...;._v/\,._..\/mmwf s

T @ i e @

(@)

Tek Prevu : [¢ [ ;} ; ] ;
e om0 VAdiy) |
B : : : :
S \f’”‘“ _ L”* . \f'**_ _
o Vs (10:0 Vidiv) -
R - 'i;’f“sir;; 'Z';;:, ]
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Fig. 3-17 Experimental waveforms of (a) ti#BCLLC circuit and (b) the HBDAB
circuit atload = 50 W, andv, = 100 V.
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Fig. 3-18(a) and (b) show the efficiencies of the four circuits in charging and
discharging modes, respectively. The output voltage is 300 V for charging mode and

500 V for discharging mode.

= FBCLLC
— =HBCLLC
------- FBDAB - T =
o/ 4 - - .
. %%%]—..HBDAB _ - - - - -
% 95% 1 il - / ..... \
S 040p]  ——— T
L.: 0 ] .'.c L . -lllll.-..m.....__ . —
e LS T,
el X U7 R e
92%- =
200 400 600 800 1000
Power (W)
(a)
= FBCLLC
98% — =HBCLLC
97%
>
Q' 96%
5
5 95%
= 94%;
93%-
92%1 . | . | .
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Power (W)
(b)

Fig. 3-18 Measured efficieriesof the four circuits in (a) charging and (b)
discharging modes.

3.5 Experiment Results Analysis

Base on the analysis and experimental results, summaries of the comparisons are

presented ifrig. 3-19 andTable3-3.
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Fig. 3-19 Comparison for (a) Highest G2V efficiency, (b) Highest V2G efficiency, (c)
Number of switches, (d) Peak currentlod switch (d) Approximate cost of each
converter, and (f) Power density.
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Table3-3 The comparison of the converters

FBCLLC HBCLLC FBDAB HBDAB

Highest Efficiency 96.1% 97.4% 95.3% 94.3%
Soft-switching Region Full load Fullload Partial load Partial load
Design Complexity High High Low Low
Output Filter Requirement  Low Low High High
Component Stress Low High Moderate High
Power Density Moderate  High Moderate Moderate
Cost High Low High Low

3.5.1Efficiency

From the experimental results, all the circuits achieve high efficiency. The highest
efficiencies in charging mode are 95.0% and 96.5% foFB@LLC and theHBCLLC
circuits respectively, and 96.1% and 97.4% in discharging mode. The highest
efficiencies ag achieved when the circuits operate close to the resonant frequency.
When the operating frequency is much smaller or larger than the resonant frequency,
the circulating loss will increase and reduce the efficiency. FOFBi2AB and the
HBDAB circuits, tre highest efficiencies are 95.1% and 93.9% in charging mode, and
95.3% and 94.3% in discharging mode, respectively. The efficiencies of the CLLC
circuits are higher than those of the DAB circuits, since the switches of the DAB
circuits loss ZVS at light lad conditions, and the SPS control strategy creates relatively
large reactive power in the circuits which also reduces the efficiency.

In addition, comparing to the fuliridge structure, the hallfridge structure helps
the circuits improves the overalffigfency, due to the reduction of the total number of

switches and corresponding driving circuits. An extra benefit of thebhidde
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structure of the resonant converters is that the two capacitors in each leg can

automatically reduce flux imbalance fovettransformer.

3.5.2Soft-switching Region

From the analysis in Section Il, the seWitching region of the CLLC circuits
much wider than that of the DAB circujtsspecially at light load conditions. With an
appropriate design, both FBCLLC and HBCLLdnverters can achieve full soft
switching in the entire load range. However, for FBDAB and HBDAB circuits, Fig.
3.10 shows that the converters lose ZVS at light load conditions. Therefore, it is
difficult to maintain softswitching of all the switches fowide load range.
Furthermore, for CLLC circuits, lighter loads provide wider sofitching regions,

whereasfor DAB circuits, it is opposite.

3.5.3Design and Control Complexity

According to the analysis in Secti8r, if the CLLC circuits operate @ased to their
resonant frequencies, the gains will be atpdgthindependent of the loads. Therefore,
if the operating frequency can be adjusted at the vicinity of the resonant frequency,
both FBCLLC and HBCLLC circuits are perfect for constant outpuiagel, variable
load conditions. However, the gains of the CLLC circuits arelimaar with the loads.
Furthermore, depending on the valuelo&nd particularly at smab values, the
required operating frequency range will be very large. Hence, inate af a wide
output voltage range, the valuelthould be carefully chosen to limit the operating

frequency range.
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In the case of the DAB circuits, the gains are proportional to the loads, and almost
linearly related to the phashift whenO 1@ v Therefore, comparing the DAB
converters to the CLLC converters, the design and control complexity for the DAB

converters is less.

3.5.4Component Selection

For the CLLC converter, the output current is sinusoidal, whefeathe DAB
converter, the outputurrent has more higbrderharmonic ripples than that of the
CLLC converter. Therefore, an extra current filter may be needed for the DAB circuits.

Comparing the futbridge and the halbridge structures, under the same input and
output conditions, ithe haltbridge structure, both primary side and secondary side
currents are twice larger than those in thelbultige structure. Therefore, the switches,
resonant components and transformer of the-liradige converters are under about

twice larger curret stress than those of the follidge converters.

3.5.5Power Density

It is clear that, with reducing the number of switches, thelitadfye structure has
benefits in terms of size and weight, since the number of corresponding driving circuits
and cooling systems can be reduced at the same time. Furthermore, with the same gain,
the halfbridge structure requires less inductance than thebfidbe structure.
Therefore, the size of the converters with fmlfige structure should be smaller than
that with full-bridge structure. Comparing the two Raffdge convertersiBCLLC
and HBDAB converters, although tREBCLLC converter requires one more inductor,

the bridge capacitances of tABCLLC converter are much smaller than those of the
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HBDAB converter, sice they are also used as resonant capacitors. Therefore, in this
comparison, the size and weight of HBCLLC circuitaremuch less than those of the
other circuits, which means the power density of HIBECLLC circuit is the highest.
Furthermore, the SIMOSFETs and their gate drivers cost the most in the converters,
thus, reducinghenumber of switches will reduce the cost of the converters. Therefore,

the haltbridge converters cost less than the-bultige converters.

3.6 Summary

In this chapter, a comprehensive analysis and comparison amor@@id.C,
HBCLLC, FBDAB, and HBDAB converters ionductedThe converters are designed
and verified withabout170kHz operating frequency and 1 kW power rating. All the
converters can achieve high efficiency and bidirectional power flow. The topologies,
operating principles and design methodologies of the converters are discussed, and the
performances of the converseare compared.

Although the current stress on tHBCLLC converter is relatively high, the power
density of theHBCLLC converter is the highest and the cost is low.-Swftching can
be achieved in full load range for HBCLLC converter, and in addiifoiine input
voltage could be adjustable, tREBCLLC converter can be operated at the resonant
frequency which is witlthe highest efficiency. Therefore, for bidirectional, wide load
EV charging systems, the CLLC converters are slightly better than DARders.

Therefore, the CLLC topology is selected for thdMHz and 3.3 kW compact
design in the following chapterBetweenFBCLLC andHBCLLC topologes at 1 kW
power level, theHBCLLC converter would be a better choicensidering the

efficiency, sizeand costHowever, ahigher power levels such 8s3 kW, the current
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stress on the switches will be much higher for HBCLLC than FBCLLC and the higher
resonant current wilklso result in a much higher switching conduction logsr
HBCLLC. Therefore, thdull-bridge structure is selected as the find¥iliz, multi-

kW, and bidirectionaCLLC converter topology.
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Chapter4Hi g hr equ e npcoyweHri gfhl anar Tr ans

with Adjustable Leakage I nductan

4.1 Introduction

In a typicalswitchedmode power supplynagnetic component®C capacitors,
andheatsinks are considered to take more than 80% of the total volume when compared
to othercomponent§112]. The trend towards a higtowerdensity and lowprofile
converters has been limited by the traditional wire wound magnetic components. In
recent years, planar magnetibave gained more popularity due to their unique
advantages, espially in highfrequency applications.

Fig. 4-1 illustrates a typical structure of a planar transforrBanerally, a planar
transformer useflat copper foils or PCB traces as its windings to reduce the height
requirement of transformer coreMoreover, with thinner windings, the planar
transformers achieve low skin and proximity effects, which brings A&gurrent
losses on the windingd.13]. In comparison with &raditionaltransformer, a planar
transformer has the following advantages:

1) Low-profile: The flat windings allow a shorter windjrwindow, which brings

a very low-profile transformer design. In other words, with the same core
volume, the planar transformer core can have a larger-seasi®n area with a
greater surface areahich brings a lower maximum flux density oa less

winding turrs number.
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2) Light weight Due to the smaller volume, the total weight of a planar
transformer is typically lighter than that of a traditional transformer with the
same performance.

3) Manufacturing simplicitySince the planatransformer ussPCB traces which
are repeatable, the performance and parasitic parameters of the planar
transformer are more stable and predictable for praskictioncompaedwith
a traditionalwire-woundtransformer

4) SimplethermalmanagemenVith a larger surface area of cores and windings,
the planar transformdras simpleheat dissipation capability, which results in
an excellent thermal managemant less heat sink requirements

5) Reducedkin effect:With thin PCB windings, the skin effecan be minimized,
which reduces the winding conduction loss at high frequencies

6) High efficiency:A planartransformer can achieve over 99% efficieft¥4],

dueto the low core loss and winding loss.

Fig. 4-1 Exploded view of a typical planar transfornj&t 5].
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With all of these benefitdhe planar transformer is more suitable focompact
high-power converterdesign.Furthermore, & mentioned in Chapter 2y order to
reduce the size of magnetic components, higher switching frequency operation is the
most straightforward approachhe values listeth Table4-1 showsan examplghat
if the operating frequency of tiekW FBCLLC converter (demonstrated in Chapter
3) is increased from 170 kHz to 1 MHz, the required resonant componers wilue

significantly reduce, which results @about 60%esonant tank volumeduction

Table4-1 A comparison of passiyvesonantomponents in & kW FBCLLC
converter operating 470 kHz and 1 MHz

FBCLLC Value
Component 170 kHz 1 MHz
0 522t H 26tH
0 131t H 6.5t H
0 60t H 29tH
0 7.8 nF 3.9nF
0 17.0 nF 8.7nF

Fig. 4-2illustratestwo transformer cores foraa3 kWconverter It can be seen that
with a 1 MHz planar structure, the volume of the transfocaarbe reduced by at least
50%. Moreover, considering the bobbsize and wire winding ofa 170 kHz
transformerthe volumecan be reduceby over60%. Therefore, for the final 1 MHz,

3.3 kW FBCLLC converter design, a planar transformer is selected arghetks

optimally.
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Fig. 4-2 Transformer cores for a 3.3kW BQC CLLC converter afa) 170 kHzand
(b) planarl MHz operating frequencies.

Considering the structure shownhiyg. 3-1(a), the resonant tank of the converter
contains a transformer and two resonant inductors. Winding losses in transformers and
inductors increse dramatically with the increase in frequency due to skin and
proximity effect. For design and optimization of inductors and transformers, there is a
need for an accurate prediction of the winding losses over a wide frequency range for
a particular core gpmetry, which is discussed and analyzed in this work. At higher
frequency operation, there is an upper bound for the thickness of the trace in order to
avoid the skin effect. Moreover, in case of multilayer winding, the proximity losses
strongly dominat@ver skin effect lossg416]. This is due to the fact that the current
in the nearby conductor causes a twvaeying field and induces a circulating current
inside the conductor. For the MHevel CLLC converter design this work all these
effects are mathematically analyzed and validated through finite eldrasad
simulation and experimental results. In this chapter, a detailed magnetic modeling

analysis showing the magnetwtive force (MMF) distribution is perfmed for
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optimal winding structure design. In order to further reduce the AC conduction loss
and core loss, one objective is to reduce the total PCB trace Emgjthinimize the

net core volume. Therefore, the resonant inductor is integrated whigthrequency
planartransformer and is synthesized from the leakage inductance, which is adjustable
by changing the aigap between the windings and core halves. The intricate analyses

of flux distribution, as well as fabrication strategy, are preseanttids chapter.

4.2 Skin and Proximity Effects

Beforedesigninghe planar transformer, a brief introduction to skin and proximity
effects is given in this section, since these two effects significantly affect the

transformer efficiency at high frequensie

4.2.1 Skin Effect

When a conductor carries an AC current, there is an alternating magnetic field
produced by the AC current and around the conductor. The magnetic field changes
with thevariationof the current. The change in the magnetic field creates an electric
field which opposes the change in current intenfdity7], [118] This opposing electric
field is strongest at the center of the conductor and forces the conducting electrons to
the outside bthe conductor as shown Fg. 4-3. The AC current has a tendency to
concentrate near the surface of the conductor. This phenomenon in AC curadietlis
the skin effect. Duéo this effect, the current is concentrated between the outer surface

of the conductor and an inner level call skin defitlas shown irfFig. 4-4.
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Fig. 4-4 Crosssection of a conductor withskin depth ofi.

The general formul#or calculating the skin depth is:

p o "¢" T "¢t T (4-1)

where
} =resistivity of the conductor
f = frequency

Mo = permeability of the free space;
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Kr = relative magnetic permeability of the conductor;
% = permittivity of free space;
U = relative permittivity of the material.

The skin effect depends upon the conductor material, -sexggnal area of the
conductor, current frequency, and shape of the conductor. The lthhgHfezquency,
the smallerthe skin depthbecomeswhich means the effective cressction of the
conductorreduces at higher frequenci€3onsequently, the effective resistance of the

conductorincreases For copper wires, the skin depth agly 65 pyn at 1 MHz

frequency

4.2.2 Proximiy Effect

When two @ more conductors carrying AC current are close to each other, the
alternating magnetic fieldnduces eddy currents in adjacent conductors (as shown in
Fig. 4-5), affecting the overall distribution of the current flowing through the
conductors. Therefore, when the nearby conductors carrying current in the same
direction, the current is concentratddlae farthespartsof the conductors. Similarly,
the current is distributed at the nearest sides of the conduatoes the conductors
carrying current in opposite direction. This phenomeirilars{rated inFig. 4-6) is call
proximity effect.

Due to the proximity effect, the effective cres=ction of the conductor is reduced,
resulting inanincreasdn effective resistance. This is another reasat teduces the
transformer efficiency at high frequencies. Furthermore, the proximity effect also rises
with anincrease in the frequency. Therefore, at Melzel frequenies the conduction

loss caused by the proximity effect becomes considerable.
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Fig. 4-5 A sketch demonstration of proximity effect.
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Fig. 4-6 Unevendistributionsof current due to proximity effect

With all these considerations, an optin@sign methodology of the planar

transformer is proposed in this chapter to address the proximity and skin effects.

4.3 Planar Transformer Core Selection

The planar transformer is selected considering the tradeoff between the core size
and core loss. To achieadigh-powerdensity design, the transformer core should be

chosen as small as possible, howesearall core resultgh a smaller effective cross
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section area, which increases the core loss. Moreover, a smaller effectivsectes
area makes the transformer core easier to be saturafBiderefore, the planar
transformer must be determined carefully.

ForaMHz-level, 3.3 kWplanar transformethereare not many available cores on
the market. CR46410EC planaEfore from Magnetics witlthe R material and
ER64/13/51 planar ERore from Ferroxcube witthe 3F4 material are two candidates
for this design. Both cores can work at 1 M&tzhispowerrating. The parameters of
two cores are listed ihable4-2 [119], [120] wherelo is the permeability of aif is
the relative permeabilityAe, le andve are the effective crossection area, path length,

and volume of the core, respectively.

Table4-2 The parameters of the two transformer cores

Ho (H/m) Hr le(cm)  Ae(cm?) Ve (cnm?®)
CR46410EC 4° 170 2300 8.02 5.16 41.4
ER64/13/51 41710 1760 9.3 5.66 52.6

The core loss of CR46410EC can be calculated through the curve fitting formula
provided by Magneticgl21]:
0 5 @ @Q6 (4-2)
Similarly, the core lossurve fitting equatiorof ER64/13/51provided by Ferroxcube

[122]is shown as follows:

~

0 5 6 Q6 (4-3)
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The values of the parameters4r?) and @-3) for 100 € with over 500 kHz frguency
conditionsare listed inTable4-3. f is the operating frequency aBgkakis the peak flux

density withN winding turns of the transformer, which can be calculated udidg (

58 (4-4)

Table4-3 Parameters for curve fitting formulas

CR46410EC
a c d f Bpeak Pcore EE
0.014 1.84 2.2 in kHz in kG in mw/cn?
ER64/13/51
Cm X y f Bpeak Pcore ER
0.0012  1.75 2.9 in Hz inT in mw/cn?

4 4 Adjustable Leakage Inductance

As one of the most important componentsailCLLC converter, the resonant
inductancemust be welldeterminedwith a precise value. On the other hand, the
inductor takes a considerable volume of the converter. Furtherm@rejnding loss
caused by the skin and proximity effects become a dominating factor at high
frequencies leading to significantly reduced sysédficiency. In order to decrease the
total winding losses from magnetic componeatsd reduce the volume of the
converterit becomes a necessity to integtaie resonant inductoks andL (as shown
in Fig. 3-1(a)) with the transformer leakage inductaniceother words, the leakage
inductance is acting as the resonant indudtay. 4-7 illustrates the structure of the

proposed stacked planar transformer providing accurate control of leakage inductance.
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The magnetizing inductance of the transformer can be adjusted by chinhtiegair

gap between two cores. The primary and secondary side windings are embedded
separately on individual boards providing an extra degree of frekgltine distance
between the two windings. Hence, the proposed transformer can realize precise leakage

inductance valugby controlling,, which is an important design criterion for resonant

converters.
Top Board
Primary Winding
v
Air G ;
rl ap Bottom Board
g

Secondary Winding

Fig. 4-7 Structure of the proposed planar transformer with adjustable leakage
inductance.

4.5 Loss Modeling of Planar Transformer and Optimal Design

The PCB winding structure plays a vital role in reducing the AC losses. Far high
frequency planar transformers, the skin and proximity effects are the key design
constraints. The effective skin demthcopper at 1 MHz is only 65 pn, hence @2
(69 um) PCB trace thickness is selected for this design.

Fig.4-8 shows the comparison between curdistributions of a planar transformer
with 2-0z PCB trace and operating at 65 kHz and 1 MHz, respectively. It can be clearly
perceived that at 1 MHz frequency, the significant negative current induced by the
proximity effect flows through the trace, leadito a substantial increase in the AC

loss.
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Fig. 4-8 Winding current distributions with 1&ms current flow, 20z trace operating
at 65 kHz and 1 MHz frequencies, respectively.

R, NN

To optimize the design dfigh-frequencyt r ansf or mer |, an | mprov

equation123] is used to calculate the effective winding resistance:

Y O W [ W , [ Wo  { -
Y Chean wee O HERL 0 b (4-5)
i . Q
v w 1_
Ip, 0 0 QX (4-6)

v0 Do 00O p
where Rei/Raq) is the effective resistance to DC resistance ratio oh"theyer, h is
the PCB trace thickness$, is the skin depth in the conductor, aniMF(l) is the
magnetomotive force of the windings on layethe first term in 4-5) characterizes
the skin effect and the second term signifies the proximity effect.
Fig. 4-9 illustrates two examples of transformer winding structures, having 9 turns
on primaryside and 8 turns on secondaige. The value ofn and resistance ratio

(ReffRac) are calculated usin@-5) and shown in the figures. It can be clearly inferred
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that the 1 2 2 2 2 winding structure on the primary side (Fig. 4(a)) has less resistance

ratio of 3.79, leading to a lower AC loss at high power levels.

Layer distribution MMF AC/DC Ratio
I 31 51 71 91
- | Mpr =1 Rery/Rac, =111
2 I - my; =15 ifeeff/Rde;l =1.41
2 I Mmys = 2.5 Reff/Rﬂle3 = 2.63
2 TS . Myg =35 Reff/Rdcp4 = 4.67
2 I . Mys =45 Reff/Rde4 =751
Primary winding Reff/Rdcp =3.79
2 TN A My1 =4 Rery/Rac,, =599
2 T Myz =3  Repr/Rac_, = 3.55
2 T % - Mys =2 Repp/Rac, = 1.92
D e wew o mpy =1 Repp/Rac,, =111
Secondary winding o 9 2o Rorr/Rac, = 3.14
4 2 4
(a)
Layer distribution 51 41 61 8191 MMF AC/DC Ratio
2 I e my; =1 ifieff/Rde1 =1.11
2 N N S My =2 Reff/Rdez =192
2 I . mys =3 Reff/Rdc,p3 =355
2 T oMy =4 Reff/Rde4_ =5.99
1 .. o omys =9 Reff/Rdcp4 =30.38
Primary winding Reﬁ/Rdcp = 5.63
2 T I my; =4 Repp/Rgc =599
A N e My2=3  Ress/Rac_, =355
D Ummm WSS S myy=2 Repp/Rac, =192
D mmmwmwmmwm - my=1 Regp/Re, =111
Secondary winding ;I 9 %71 oI R /Rqc, = 3.14
(b)

Fig. 4-9 Effective to DC resistance ratios for different 9:8 winding structures.

Another example of an 8:7 winding structure is showRiin 4-10. Comparing to
Fig. 4-9, less winding layers brings a loweiffective to DC resistance ratio, resulting

in a lower winding conduction loss well
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Layer distribution MMF

21 41 6l 81
,,,,, I My =1 Rerr/Rac,,, = 1.10873
p M — Myz = 2 Rerr/Rac,, = 1.9217
TS Mys = 3 Ropr/Rac g = 354764
I Mps = 4 Rers/Rac,, = 398633

Rerr/Rac, = 314115 Ry /Rgc = 2.6842

mys = 3.5 Reff/Rdcsl = 4.66547
Myz = 2.5 Reff/Rdcsz =2.63305
Mpy = 1.5 Rerr/Rac,, = 141359
my; =1 Reff/Rch4 =1.10873

81 24 298I
7 7 7

Fig. 4-10 Effective to DC resistance ratio fon&:7 winding structure.

The DC resistance of the transformer can be calculated as follows:
Y Y (4'7)

where,}c=1.68x108 q Am i s the r esi &tsihe winding length. copper ,
From @-5) and @-7), the total winding loss can be computed as below:

0 0 Y (4-8)

Thus, from §4-2), (4-3), and @-8), the total loss of the transformer can be determined

as follows:

0 6 0 (4-9)
Substituting panmeters fromTable 4-2, power losses for different winding
structuresanddifferent coresre calculated. The operating conditions are 450 V input,
400 V output, 3.3 kW output power, and 1 MHz operating frequerioy the
calculations These are the nominal working conditions of the proposed FBCLLC
converter.The results are compiled fable4-4 and Table 4-5. Fig. 4-11 illustrates

sketchedvinding areas othe ER and EE cores.
80



Table4-4 Calculated power losses for different cores and winding structures (Part ).

Case Core : wiEchIii_ng wﬁlil(i}ng Th-li-éirc':m(;ss RefRocp  Ret/Rocs
1 CR46410EC 9:8 12222 2222 20z 3.79 3.14
2 CR46410EC 9:8 12222 2222 30z 12.77 10.04
3 CR46410EC 9:8 22221 2222 20z 5.63 3.14
4 CR46410EC 8:7 2222 1222 20z 3.14 7.08
5 CR46410EC 109 22222 22221 20z 4.36 3.79
6 ER64/13/51 8:7 2222 2221 30z 10.04 8.11
7 ER64/13/51 8:7 2222 2221 20z 3.14 2.68
8 ER64/13/51 8:7 2222 1222 20z 3.14 4.15
9 ER64/13/51 8:7 2222 |2221] 20z 9.35 7.52
10 ER64/13/51 10:9 22222 22122 20z 4.36 4.32
11 ER64/13/51 10:9 22222 22221 20z 4.36 3.78
12 ER64/13/51 9:8 12222 2222 20z 3.78 3.14
13 ER51/10/38 9:8 12222 2222 20z 3.78 3.14

Table4-5 Calculated power losses for different cores and winding structures (Part 11).

Case Lp Ls Rettp Reft s Puinding Pcore Protal
(cm) (cm) (a) (Ca) W) (W) (W)
1 184.0 167.2 0.17 0.13 21.19 8.48 29.67
2 184.0 167.2 0.38 0.27 46.52 8.48 55.00
3 184.0 167.2 0.25 0.13 26.86 8.48 35.34
4 167.2 142.2 0.13 0.25 27.06 10.99 38.05
5 209.0 184.0 0.22 0.17 27.60 6.73 34.33
6 96.5 82.5 0.26 0.18 35.95 27.05 63.00
7 96.5 82.5 0.12 0.09 17.33 27.05 44.38
8 96.5 82.5 0.12 0.14 21.95 27.05 49.00
9 96.5 82.5 0.18 0.13 25.06 27.05 52.11
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10 120.6 106.6 0.21 0.19 32.01 14.16 46.18
11 120.6 106.6 0.21 0.16 29.93 14.16 4410
12 106.6 96.5 0.16 0.12 23.01 19.23 42.23
13 83.3 75.4 0.17 0.13 24.03 37.70 61.73

ER64/13/51 ER-core CR46410EC EE-core

Fig. 4-11 Sketched winding areas of ER and EE cores

In the tablesCase o Caseb show the results of CR46410EC-E&re, while Case
6 to Casel3 showthe results of ER64/13/51 E€dre.It can be seen frorthe figure
that, with the same core dimensions, thedoiRe has higher winding area efficiency,
which means the winding area of the ER cisresmaller than that of the EE core.
However, due to the relatively narrower trace width, the winding loss of the ER core is
slightly higher than that of the EE core. Moneportantly,due to thedifferent core
materials,with same winding structuréhe EE core from Magnetics has lower core
loss than the ER core from Ferroxcube has.

In comparisorwith Case 1, Case 2 has-8z PCB trace thickness which brings a
lower DC resstance, however, the thicker trasults ina much higher effective to

DC resistance ratio due to the proximity effect, whesdds toa higher winding loss.
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With the same ®z thickness a€ase 1, Case 3 has a different winding structure
on the primaryside, which also results in a higher winding lds® to the proximity
effect(can be seen iRig. 4-9 as well).

Similarly, for Case @, different tace thicknesses or winding structures give
different winding losses due to the proximity effect.

From Case 1, Case 4 and Case 5, it camfeeredthat a larger number of turns
brings a lower core loss, but a higher winding loss, vice versa. Theréfeneutber
of transformer turns must be determined with the tradeoff betiheenreand winding
losses.

Comparing with Case Tase 9 has a paralleled winding structure, which means
two 2-0z tracesare connected iparallelto represenbne trace. The benefit of this
winding structure is increasing the effective cresstion area of the windings without
increasinghe skin effect. This results in a much lower DC resistance. However, with
this winding structurethe prximity effect becones much worsdeading to ehigher
effective to DC resistant ratio. Consequently, the total winding loss is still higher than
that of Case 7.

In Case 1a12, power lossefor different numbers of turns are calculated to find
out the bestalue Results fora smaller ER core is also calculated and providé€thse
13. With this core, neither the winding loss nor the core loss redsioes the trace
width is narrower and the effective cresscton area of the core is smalleosmpaed

with the core inCasel2.
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With all of the calculated resultsysidering the balance between winding and core
losses, the transformer desjgesented iCase 1 is the optimal design for the proposed
system due to the lowest total power loss under the given condition.

The calwlated results shown ifable4-4 andTable4-5 are based oa2 or 3 oz
trace thickness. Actuallya lower trance thicknessan bring an even lower total
transformer losgrig. 4-12 shows the calculated total transformer losses with different
PCB trace thicknesses. The transformer core, number of turns, and winding structure
are the same as those of Case 1. It can be seen that theumihital transformer
power loss is achieved with about 1 oz PCB trace thickness. However, considering the
other parts of the PC8onducting DC curreng 2 oz trace thickness is necessarydor

low DC conduction losat high power levels.

h N 1 X0
o o o O

Total transformer loss (W)
— N W
o o O O

)

0 1 2 3 4
PCB trace thickness (0z)

Fig. 4-12 Total trandormer loss vs. different PCB trace thickness.

After a comprehensive comparison, the transformer design using CR46410EC EE
corewith 1 2 2 2 2; 2 2 2 2 winding structure and 2 oz PCB trace thickness is selected

as the optimatlesignfor the proposed the CLLC converte
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The proposed CLLC converter isexpting with a variable input DC link voltage
of 400450 V, generating 25020 V (400 V nominal) output voltage with a power
rating of 3.3 kW. The calculated parameters of the resonant tank are |i$tdaed-6,
wheren is the turns ratio,.; andL, are the leakage inductances,is the magnetizing

inductance an@€; andC; are the resonant capacitances.

Table4-6 Calculated parameters of the resonant tank

n C1 (nF) C2 (nF) L1 (pH) L2 (pH) Lm (pH)

9:8 7.26 9.18 3.49 2.76 21

The structure of theroposed integrated planar transformpesvidestwo degrees
of freedom,lg andlp. The magnetizing inductance is very sensitive to the airlgap
(shown inFig. 4-7), but not to the boartb-board gaplr. The leakage inductance,
however, is sensitive to botly andlp. In order to accurately design the transformer
parameters, air gap has to be determined first. The required length of the Igirsgap

computed as below:

) (4-10)

whereN is the primary side winding turns.

FromTable4-2, Table4-6, and using4-10), an air gap of 2.5 mm is calculated to
generate arhm of 21 pH. After designing the magnetizing inductance, the leakage
inductance can be adjusted by tuningAs shown inFig. 4-7, Iy is limited by the core
leg length, air gajy, and the board thickness. In this caseglvan be adjusted from

0 to 9.7 mm, which giv&0.4 to 12 |H leakage inductance. A 4 mm board to board gap
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Ivis determineds the final value to generate the required leakage inductidreénal
design of the planar transformer with adjustable leakage inductance is illustiiaigd in

4-13.

lg=2.5 mm

- — Primary Winding

— Secondary Winding

. PCB

. Trasformer core

Fig. 4-13 Half-side view of the proposed planar transforstencture

A finite element analysis (FEA) modsl built using ANSYS Maxwel(shown in
Fig. 4-14) to simulate the proposed planar transformer. The flux density in the cores is
shown inFig. 4-15. The flux density has a peak value of 55 mT, which is much lower
than the saturation level (470 mT) of the selected core material. The magnetizing
inductance obtained from the simulation is 20.47 pH, which is a close match to the
analytical calculationThe current density distribution is illustratedriy. 4-16. It can
be seen that the current is distributed unevenly, which is partially caused by the
geometry of the winding and partially caused by the proximity effégt4-17 displays
the conduction loss of the windings. From the results shown in the figure and the values
listed inTable4-4 andTable4-5, the winding loss is calculated alsout 16 W, which

matches the theoretical calculations.
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0 25 50 (mm}.

Fig. 4-14 FEA model of the proposed planar transformer.
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Fig. 4-15 Flux density distribution of the proposed planar transformer.
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2. 2000E+007
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Fig. 4-16 Current density distribution of the proposed planar transformer.
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Fig. 4-17 Winding conduction loss of the proposed planar transformer.

4.6 Summary

In this chapter, the structure and advantagespténar transformearereviewed.
The planar transformer utilizes PCB winding structure to achieve a low profile. With

the PCB winding, the planar transformachievesan excellent capability of
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reproduction and stability. Moreover, the planar transforraarpartially immune the
skin effect at high frequenciedue to thehin PCB windings which results in a higher
efficiency comparing to a traditional wisgound transformer. Furthermore, the large
surface areas of planar cores and traces bring the planaformer an outstanding
capability of heatlissipation, which lowers the requirements of cooling systems.

Skin and proximity effects are the main factors causing large conduction losses at
MHz-level frequencies. Skin effect can be reduced by usingtRB withathickness
less than 2 oz. It is more complex to reduce proximity effect. Using less winding lays
and optimizing the winding structure are the most efficient methods to reduce the
conduction loss caused by the proximity effect. In this chapmreraltransformer
winding designs with different types of cores, different numbers of turns, variable
winding structure, and different trace thickness are calculated and discussed.
Considering the balance between the AC conduction loss on the winitintgeaDC
conduction loss on the other parts of the PCB, the trace thickness of @termined
for the designConsidering the least total transformer |ab& CR46410EC EEore
from Magnetics with R material is chosen and the 9:8 turns ratiowith 2 2; 2 2 2
2 winding structure is verified as the optimal design for the-frigdpuency, higkpower
CLLC converter design.

To integrate the resonant inductors with the transformer, the proposed planar
transformer is designed withn adjustable leakagenductance. The magnetizing
inductancds adjustedby tuning the gap between two halves of the transformer core.
After the magnetizing inductance is determiniet leakage inductance can beeidin

by adjustingthe gap between the two boards. This innovatiaear transformer design
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achieves highly accurate leakage inductance control, which is important for-a high
frequency resonant converter, such as a CLLC convéuethermore, ma FEA model
is built tovalidatethe proposed planar transfornasign Thesimulation results match

the calculated values closely.
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Chapter 5 1 MHz 3.3 kW Bidirectional

EV Chargers

5.1 DesiqgrCriteria

The schematicof a bidirectional CLLC converters shown inFig. 5-1. The
optimized planar transformer with the required leakage inductance designed in Chapter

4 based orthedesired nominal operating poistutilized inthe proposed converter.

| G2V ~ |
| -
| I
s s@g@%%@dj@ﬂ,ﬁqrﬁe&%@ s, |

Cocink | ! ’w|v-\1 - L, ‘ :

—_ ! L . | | .
i i DR NS o [l
|
. - ni —t l
N e
| S Sy Si% = :
! V2G |
|
|

: I

________________________________________

Fig. 5-1 Schematic of the proposed CLLC converter.

GaN switches from GaN systems with 650 V voltage rating and 30 A current rating
are utilized in the design ofconverter to achieve MHIevel operations. The
corresponding gate driver circuits mbstwell designetb drive the switches properly
while making itimmuneto noises at high power levels.

Thedesignspecificationgor the convertearecarefully choseiased on the output
of the PFC stage and the charging profila dR0Vbattery packThe minimum output
voltage of aypical PFC stage is8® Vpc working with auniversal input range of 85
265V ms 50/60 Hzinput voltage. For the GaN switches, the maxindrainto-source

voltage is 650 VA factor of safety ranging from 1-2 is generally provided to
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semiconductor devices fwevent overstressinin thisdesign a factor of safety of 1.4
is chosen which restricts the maximid@-link voltage to be 464V For G2V mode,
considering the voltage ripple on the fligk and ringing on the switch draio-source
voltage, a 408150 V input voltage (i.e. D@ink voltage) of the CLLC converter is
selectedFor the battery side, a 2820 V (400 V nominal value) outip voltage range
of the CLLC converter is sufficient to charge most of tbexmercially availabl&V
battery pack The charging profile with 3.3 kW power ratifigr the battery packs
presentedn Fig. 5-2. The equivalent loadorresponding tdhe charging profile is

illustrated in tlis figure to assist the calculations of circuit parameters.

V A HI

420V p - _ - Charging Voltage
400V [~ T T T == | :
| |

| I

| |

8.25 A ' |
|

|

250 V __/ Charging Current :
|

niw \V}V7-Y7"7"F7"F"7"""—""71p"————====

A
Y

I 1
CC Nominal Point

CvV
Fig. 5-2 3.3 kW charging profile with thequivalentoad.
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In theV2G mode, the powerdws from the battery to the PFC side. The battery
discharging voltage rangelimited to 350420 Vin order toprevent the Liion battery
pack from deep depletipwhich results irshortening thdatterylife cycle. The DC
link voltagecan be maintaineith 400-450 Vrangein G2V mode Finally, the design

specifications of the proposed CLLC converter are listélchinie5-1.

Table5-1 Design specifications of the proposed CLLC converter

Specifications Values
Power rating 3.3 kW
Resonant frequency 1 MHz
Topology FBCLLC
Transformer turns ratio 9:8
G2V input voltage 400450 V
G2V output voltage 250420 V
V2G input voltage 350420 V
V2G output voltage 400450 V

5.2 Parameters of the Propas€LLC Converter

Based on the design specifications liste@lable5-1, with the 9:8 transformer turns
ratio, the CLLC converter must haveltage gain ranging frof.70-1.05 in G2V mode
and 0.951.02 in V2G mode The parameters of the resonant tank can be derived
following the design methodolog@spresented in Section 3.2.1 and Section 3.3.1. To
simplify the designthe design constraints & 0 andé 0 j & aremaintained
whichresults in equalization eésonant frequencies for both G2V and V2G directions.
Similarly, the design value of @0 is selectedhs an optimized value considering

thetradeoff in gain and conduction loss.
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The selection ob is critical in providing the desired operating gairder inductive
region with a narrow frequency variation. If the frequency variation increases to
achieve the required gain range, it may lead to higher switching Idssbi&s design,
the worstcasescenario happenat thestartof constantcurrent cheging, where the
output current isat its maximum value of 8.25 A, while operating with @utput
voltageof 250 V. At this condition, the converter gain reaches its lowest point of 0.7.

To meet the required gain range with narrow frequency variation at full load
is choserto be 0.45The worst casé  can becalculated as 0.72om (3-5) and (3
6) using the value ab . Fig. 5-3 presens the gain curvesf the converter operating
at 400 Vunderfull power and 250 \undertheworstcas scenarigrespectively. It can
be seen from theurves that to achieve sufficient gathg operating frequency range
is 0.8%21.34 MHz, which isa relatively-narrow range ofoperationfor the CLLC
converter. In the constambltagecharging region, the load becomes lighter (i.e. load
resistance becomes larger) as showkign5s-2, leading taa higher gaimegion Hence,

the operating frequencies for 420 V output are within the designed frequency range.
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Fig. 5-3 Gain curves of 400 V output with full load condition and 250 V output in the

worst case.

Similarly, for V2G mode, the gain is plottedfing. 5-4. Canparing to G2V mode,

the variationof the load in V2G mode is lessid the range of required gain is narrow

due to restricted battery voltagéence, the operatyfrequency range in this mode lies

betweer0.95MHz and1.09 MHz.
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Fig. 5-4 Gain curve for th&2G mode.

Using the specifications selected based on requirer(@ragn inTable5-1), the
valuesof the resonant tankomponentsshown inFig. 5-1, arecomputed and liedin
Table5-2. The relatively small parameter values of the resonantréankred for MHz
operating frequency helps in designangompactow volume tansformer.

The output capacitanshould be able to maintain tBeC voltage with low ripple
which can be calculated as follows:

S 51)
YYw
where ¥Os the maximum current ripple (15 ARis the minimum output ripple

frequency (2>0.875=1.75 MHz), anétois the desired minimum output voltage ripple

in the worst casavhich is 0.4% of 250 V or 1 V. Usin®-1), the required capacitance
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for a 0.4% voltage ripple is calculated as 1.07 F, chhielps in use oteramic

capacitors instead of bulky aluminum electrolytic capacitors for a compact design.

Table5-2 Parameters of the resonant tank of the proposed CLLC converter

Parameters Values
Transfamer turns ration 9:8
Primaryside resonant capacitd; 7.11 nF
Secondanside resonant capacitdz; 9.00 nF
Transformer leakage inductance on the primary side, 3.56 H
Transformer leakage inductance on $keeondaryide,L> 2.81 H
Transformer magnetizing inductants, 21.36 H
Output capacitanc&, 1.07
Frequency range in G2V mode 0.871.34 MHz
Frequencyange invV2G mode 0.951.09 MHz

5.3 Power Loss Analysis

In order to achieve high efficiency as well as high power density, it is important to
conduct acomprehensivanalysis of the total power losses incurred in the converter,
which will eventually assist in selecting components in an iterative manner. Ble los
in the converter under desigran be categorizemto the partslisted in Table 5-3,

assumig softswitching operation.

Table5-3 Power losses in the proposed CLLC converter

Passive components Active components

Resonant capacit@SR loss MOSFET conduction loss
Transformer core loss MOSFET reverse conduction loss
Transformer winding loss MOSFETturn-off loss
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5.3.1 PowerlLosses irPassiveComponents

A) Resonant capacitor ESR loss

For calculating the ESR losses in the resonant capacitors, it is important to
determine the corresponding RMS current. Assuming FHA equivalent circuit
illustrated in Fig. 5-5, the current flowing through the resonant tank,can be
determinedoy the ratio ofthe first harmaic amplitude of bridge voltageVy>1, and
equivalent tank impedané, seen from the primary side, whd®eis the equivalent

load of theCLLC converter.

Zin! L, L,
L~ —YN
#/ | _|> L i
V] o Lm3lin s L
| * $h
| I I
I il (n
| Cy C,
b _ e =

Fig. 5-5 FHA equivalent circuit of CLLC converter.

The resonant tank curreiy, is calculated as follows:

T o o wma s g~ ,‘
W w1 QeoY Qv w
N — S — (5-2)
W 10 Www w] 0 OYw Y] 0
where,
s me n P
PQ ) —
I,IJ Q —| 0
I o
w ) —
e ab (53)
[P " _
0 €0
Uy . 0
v o



Therefore, the RMS current throughe primarysideresonant capacitor withseries

resistance 0O "Y  is the primary RMS currentd ), expressed as follows:

. Mo Y 10 D
(0 (5-4)

“Y® YT D 100 O® ® 0

The primary side tank current is split between the magnetizing current and winding

current, giving the following expression for the primary winding curré€qt ( ):

§O3 §O3 , = (5-5)

Thus,thesecondary side tank current can be calculated as:
Q & (5-6)
and the total capacitor ESR loss can be formulated as:
0 " 0°Y £'Q 0'Yjp (5-7)
where,ESRcapis the series resistance besecondarnsideresonant capacitor.
B) Transformer core and winding losses
Thetotal transformer lossesan be quantified as follows:
The core loswhich depends on operating frequency and peak input voltagde

estimatedusing 6-8) and 6-9).

0 & wQo (5-8)
® 5-9
) 9
The winding loss{ ) depends on the effective resistance which is proportional

to the frequency of operatialue to skin and proximity effesis computed ir{5-10).

0 ™Y £ Y (5-10)
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5.3.2 Powet.osses irActive Components

A) MOSFET conduction loss
The switches turn on and ddiiternatelywith about 50% duty cycle, thus, each
switch conducts within half of the operating period. There are four switches on each

side, hence, the net conduction losses in the MOSFETS can be expressed as follows:

0 i ¢CQ Y &0 Y (5-11)

whereRps s the turron resistance of the MOSFET.

B) MOSFET reverse conduction loss

It is crucial to ensure soft switching at all the MOSFETSs as the switching loss even
at partial hard switching will dominate due to high switching frequency. To ensure ZVS
in the primary side of th€LLC converter, there must be enough phase lag between
the primary tank current and the draaurce voltage of the switch. While turning off
any primary MOSFET, the stored inductive energy must be greater than the energy
stored in the MOSFET body capacit@g, expressed as follow$24]:

P P

60 26 6 (5-12)
S S

0 O (5-13)

C:| O:l

From the FHA analysis of the CLLC circuit, the phase lag between the bridge
voltage and resonant current can be calculated as the equivalerapgiaiof input

impedance phasor:
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. OE QB

QY Qe -2 10

oy D P 16 e & (5-14)
Wl &1 0 =% . 0
Y Q v e WT& QL
o o

Fig. 5-6 illustrates typical resonant tank voltage and current waveforms sggbeant
frequency with a phase lag @ The resonant current at the instant of turoffga

switch becomes:
"0 WY, 1 % (5-15)
Substituting $-13) into (5-15), the lower bound of can be calculated as

shown below:

v, O 0

v

Equation §-15) and 6-16) can be used to verify the calculated value$ahle5-2 to

(5-16)

N

ensure the so&witching conditions.

vtank E B
Liank N E/\\ R
\/4 \// t

_ iiotank

Fig. 5-6 Typical voltage and current waveforms in the resonant tank at the resonant
frequency with a phase lag @«
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Another condition to ensure ZVS will be to set a minimdeadbandinterval,
which would ensure the full disclgg of body capacitor before the gate of MOSFET
is triggered. Based on the equivalent circuit during the switching transition, shown in
Fig. 5-7, the vdtage across the body capacitor of MOSFET can be formulateés as (
17), which in turn sets a minimum requirement for tfead band timéta) to fully

discharge the switch output capacitor (we. 0 ).

W o0 W OID® w OdD®IA Qo . B T (5-17)
where,
0 0 —
'y U ]
e 5-18
ry " V] ( )
W —
rp o

re R & Q¢ "Qacoden @i Q
Substituting $-16) to (5-17), the ZVS condition can be fulfilled by maintaining the

following requirement othe deadbandtime:

R < N A ¢ 0
bl Dighy ol i g — (5-19)
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Thus, by satisfying the minimudeadbandtime and energy requirements, teon loss

can be eliminated.

Equivalent inductancel L,

V(0)=0

L

Fig. 5-7 Equivalent circuit during the switching transition.

After the voltage across the body capacitor becomes zero, the GaN MOSFET starts
conducting in the reverse direction until the MOSFET gate is triggered. The reverse
conduction loss{( ) incurred in this interval is expressed as:

0 0w

Wi Q
where,l andV; represent instantaneous reverse current and voltage drop in the reverse
conduction path, obtained from MOSFET datashégiy represents the negative gate
voltage amplitude during the tuoff period. Having a negative twoff voltage (3 V
in this design) certainly increases the reverse conduction losses; however, it
significantly enhances the noise immunity of the gate drive. The reverse conduction
loss occursfor the eight switche®n both the primary and secondary side GaN

MOSFETSs at theleadbandintervals.
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C) MOSFET turpoff loss

During the switching transition, on the secondary side, the MOSFETS are turned on

based on the polarity of resonant current; therefiwe drainto-source voltage and
current of the device are in phas$eero-crossing o current is accurately detected,
which ensures ZCS on the secondary MOSFETSs. The additionaiffiass may arise
due to annaccuratesampling of resonant currengésulting ina norizero current during

turn-off and causing losses according to

- w® Q
0 — (5-21)

On the other hand, there prevail roero turnoff losses in case of primary MOSFETs
sincethe current has to be naero for ensuring ZVS at twon and hence, results in
hard turroff in the rest of MOSFETs with loss ; represented by5(22).

- w0 Q
0 — (5-22)

5.3.3 Calculate®Power Lossesf the Converter

Based on the specifications of the selected components sholable5-4 and

using the aforementioned mathematical formulations, losses of individual components

are calculatedver the load rangasillustrated inFig. 5-8. Based on the analysis, the
total converter loss is calculated as 98.93WeG2V full load gperation, implying
approximate 97% fulload efficiency.The loss constituents are illustratedig. 5-9

for better understanding.
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Table5-4 Main components of the converter

Components Part numbe QTY Notes
Switches GS66508T 8 Ros= 5 5 Cgwdb7 pF
Cp COG 3.9nF+1nF 2+1 ESR= 10 mq e
Cs CO0G 3.9 nF 3 ESR= 10 mq e
a=0.014,c=1.84;,d=2.2
Transformer core CR46410EC 2 Reftp= 0.17:Refts= 0.13
. . 4 Amp ISOdriver; High
Gate driver SIB271AB 8 Transient @V/d) Immunity
ACPL-C87A- .
Voltage sensor 500E 2 Optically Isolated
Current sensor  ACS723LLCTR 2 Galvanically Isolated
- 20-
= )
2 154
=]
A -
5 10-
3 ]
=3
& 5
0 . - - " : " . Y . ' . " . ,
0 500 1000 1500 2000 2500 3000 3500
Output Power (W)
Winding e=——ESR MOSFET Conduction == MOSFET Turn-off
Core MOSFET Reverse Conduction_Pri MOSFET Reverse Conduction_Sec

Fig. 5-8 Power loss breakdown of the converter in the entire output power range.
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Secondary-side MOSFET
Reverse conduction loss

14.90%

Core loss

MOSFET 22.57%

turn-off loss

Winding loss

15.97%

MOSFET ESR loss, 2.90%
conduction loss-

Fig. 5-9 Power loss breakdown of the converter at 3.3 kW.

Conduction losses in MOSFETSs vary in a quadratic relationship with the load
power, which results in a ndimear rise in junction temperatures of the power devices
and hence, increases thesiate resistance of the switches. Therefore, experimentally
obtaned conduction losses would exceed their predicted values from a constant on
resistance based device model. On the other hand, core loss roughly remains constant
due to a narrow variation range of input voltage and switching frequency subject to
traversimg the entire load range. The reverse conduction losses in both primary and
secondary sides do not change much over the entire load range. These losses are
linearly proportional tol as presented in {b5), which remains roughly constant
throughout the loagower range (also illustrated kig. 5-8), sinceatheavier load (i.e.
greaterip or lower Re), the phase angle of theput impedance ({tank) decreases and
vice-versa. It is worth noting that occurrences of ZVS on both primary and secondary
sides have been ensured during all the measurements. On the other hand, due to the

nonzero current (i.e. enough inductive energy) to ensure ZVS on thmanpriside
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MOSFETS, there is necessarily a certain 4oiffnloss in the complementary set of

MOSFETS, which lowexrthe efficiency at lighter load operation.

5.4 Gate Driver

Since the GaN switches applied to the converter hdoes @ahreshold voltage of
1.6 V, they may bepuriouslytriggeredin high noise conditions &tigh power levels.

To improvenoise immunity of the gate drivers, a bWV gate control voltagl®gic is
selectedFig. 5-10illustrates the schematic of the gate driving system. The isolated 12
V to 9 V converter and gate driver ensure the galvanic isolation between the power and
signal stages. Th& V gate voltge reduces thprobability of false triggering at the

gate terminal by maintaining a larger clearance betweestaii voltage and threshold
voltagelevel. Propeldayout of gate drive circuit plays an important rolethe safe
operation ohigh-frequencyconvertersFig. 5-11illustrates the PCB layout of the gate
driver, where he gate paths acarefullydesignedvith short traces tensure reduced
effectiveparasitic inductance.

A 10 q r esi steogate charging pafhlcangdéring tlee gatehvoltage
rising time and the capability of damping the noises on the gate path. In comparison,
the gate discharging path is required to releaselthggesaccumulated on the gate-
source and gate-drain capacirs in the switches as fast as possible and also be able
to damp noises, thus, a 2 q resistor is wus
ground of the driver connects to the power ground with a single point connection, which

ensures lowoise propgaion from the power stage to the control loop.
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Fig. 5-10 Schematic of the +&3 V gate driving system.
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Fig.5-11 PCB layout of the gate driver.
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5.5 Control System

The converter is controlled using a TMS320F283-bé3ed DSP board as shown
in Fig. 5-12. The pulsewidth modulation (PWM) signals fronthe DSP card are
buffered from 3.3 V to 5 V to improve the sigriainoise ratio (SNR) and protect the

DSP card against current surge or spikes on the power stage.

Fig. 5-12TMS320F28377Ebased DSP contréloard.

Fig. 5-13 shows the basic control lodior the converter. Aroportionalintegrator
(PI) control is applied to achieve both constantrent and constant voltage control. A
digital filter is implemented using DSP to filter obigh-frequencynoise in the
feedbackpath. A 120 ns deadtime is set to achieve soft switching and avoid any
potential shootthrough. The control algorithm isimple and computationally less

intensive making it feasible for the proposed converter.
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Fig. 5-13 Basic control logic of the converter.

5.6 Soft Start

To avoid surge current and protect the componéduatig cold start, th@ower
converteremploysa softstart operation. Tie output poweis gradually increased
duringthe system turn orestricting the current and voltages appliethe converter
For a CLLC converter, it is normally required to start at a switching frequency twice
higher than its nominal operating frequency. In this design, it would be as high as 2
MHz operating frequency during the ssfart, however, the contrplatform may not
be able to generate sublgh-frequencycontrol signals. Therefore, the proposed-soft
start strategy for the CLLC circuit combines a frequency modulation and a duty cycle
modulation. With dower duty cycle of the control signal, the switng frequency
required during thesoft-start operation is restricted well below twice the nominal
operating frequengyvhich reduces the stress of the control system. The duty cycle will
graduallyincrease up to 50% after then-onprocess is complete ensure full power

transfer
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5.7 Experimental Results

In order to verify the proposed concept, a prototype CLLC converter witd300
Vbc input, 250420 Vbc (400 Vbc nominal) output, and 3.3 kW rated powier
designed. The converter operates in a 900 tdHz.35 MHz frequency range wit
designedesonant frequenayf 1 MHz.

Fig. 5-14 shows the prototype of the proposed converter. The prisideyand
secondanside windings and components are embedded on different boards,
respectively. The two boards are assembled in a stacked structure to create the
transformer with appropriate leakage inductance and thorough galvanic isolation. This
stacked structer can fully utilize the height of the transformer, and consequently
achieve the highest power density. The converter is controlled by theb&ssd
control board mentioned in the last section, which is interfaced using the connectors

shown inFig. 5-14.

Planar Transformer

Secondary-side Board

Control board
interfaces

Fig. 5-14 Prototype of the proposed converter.
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The volume of the prototype is 357.90 %with the dimensions (L xW xH) of
13.3 cm x11.7 cm x2.3 cm, achieving a power density of 9.22 W/ds1.1 W/irf),
which is aboutwice higher than othe€LLC converterg86], [90].

Fig. 5-15 shows the experimental waveforms for G2V operation under 10% load
and fultload condiions. The input voltage is 450 V and the output voltage is 400 V.
The converter operates at 1.01 MHz under 10% load condition and 952 kHz under full
load condition. At thigimescaleit can be seen thétere is ssudden drop in current
during thedeadtime at light-load conditions (shown ifig. 5-15(a)). The apparent
discontinuity in the secondary current happens due to insufficient energy sttined in
leakage inductance. The fall in current can be characterized by a piecewise sinusoidal
segment with the resonant frequency generated by the MOSFET body capacitances and
the series combination of leakage and magnetizing inductances. It can be inéenred
the waveforms that under both light and hebbgd conditions, the primaside
switches operate with ZVS twon. For the secondary side switches, they operate under
ZVS turnon and ZCS turmoff at theheavyload condition and partial ZVS turan

with ZCS turroff at thelight-load condition.
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Fig. 5-15 Experimental waveforms under (a) 10% load and (b) full load in G2V
direction.

In the V2G operation, the converter exhibits similar performances to those of the
G2V operationFig. 5-16 shows the 10% and full load experimental wavefarm&2G
direction. The output voltage is regulated at 400 V with a voltage ripple less than 1%
and ZVS is achieved on all the MOSFETSs on primary and secondary sides at all power

levels from 10% to the rated load.
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The conversion efficiency is measured using Tektronix PA 3000 power analyzer.
The experimentally measured and theoretically calculated efficmnegs are shown
in Fig. 5-17. The mismatch between experimental and theoretically predicted

efficiencies at relatively lighter load can be explaibgdhaving a conservative estimate

(b)

direction.

26 Jan 2018
06:17:35

Fig. 5-16 Experimental waveforms under (a) 10% load and (b) full load in V2G

I, (20 A/div)

of turn-off loss assuming the device will block full DC link voltage during {affa
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However, in practice, the blocking voltage during tofhwill be swinging down to a
lower value than the DC link voltage due to resmarbehavior of the tank formed during
the switching transition interval.

The converter achievegaakefficiency of 97.2% with 400 V output in G2V mode.
It is also tested with 250 V output voltage and up to 2 kW power level in G2V mode,
and the efficieny curve is shown in the figure as well. Due to the higher operation
frequency (about 1.35 MHz), the efficiency of the 250 V output condition is slightly
lower than that of the 400 V output one. For the V2G mode, a peak efficiency of 96.6%
is achieved. Theesults show that the proposed Mlgxel CLLC converter can achieve

high efficiency as well as high power density.

98% 1 L
>3 9600: -—r"ﬂi—-=l-._.—i—1._.
Q‘:J 04% ] gm0
5} J
'S 92%
&: 90% 7 m—— Measured G2V (400 V Output)
= 88%4 - wweses Measured G2V (250 V Output)
86% = « = Measured V2G
84(%- = = = (Calculated G2V
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

Output Power (kW)

Fig. 5-17 Measured and calculated efficiency curves.

The entireconverter including th®SP control board connected aattachedheat
sinks is presentedn Fig. 5-18 Due to thehigh efficiency of the converter and
sufficiently large surface area of the planar transformer windings, the thermal stress of

the converter isontrollable Aluminum heatsinks (with dimensionof 2 cm x2 cm x

1.7 cm) with fins are applied on each MOSFETIWi 25e C ambi ent tempe
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500 linear feet per minute (LFM) fan speed, the highest temperature of the converter is
40eC at 2 kW and 70eC at full |l oad. The hot

due to the heat transfer from the winding lossstaown irFig. 5-19.

Secondary side
8 transformer winding turns

Fig. 5-18 Entire system with DSP board connected and heat sinks attached.
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Fig. 5-19 Thermal test result of the converter prototype operating at 2 kW.

5.8 Summary

In this chapter, the design specificationsddr MHz 3.3 kW CLLC converter are
determined based on the battery chargingfile and electrial characteristics of the
GaN switchesTherequiredgain and frequencsanges of the convertearecomputed
based on the specificatioremd the values of the key components are calculated and
verified. A detailed power loss model dig proposed CLLC converter is presented.
TheproposedCLLC topology ensures sefwitching of the switches on both primary
and secondary sides, leading to a significantly reduced switching loss ateMiiz
operating frequencies. The use of GaN switchlesvalthe converter operating at high
frequencies with high power levels, however, the GaN switches halatiaelylow
threshold voltage, resulting @low noise immunity, thus a +&@V gate driving system
is designed to provide sufficient power towrithe switchesvith improvednoise

immunity. To control the proposed system precisely, a control platform based on
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TMS320F28377D DSP card is designed and the control algoritbresentedn this
chapter.

Finally, a proof-of-concept prototype of the proped converter idesignedpuilt
and tested up to 3.3 kW with 4@®0 \bc input voltage and 25820 Vbc (400 Vbc
nominal) output voltage. The peak efficiencies reach 97.2% for G2V direction and
96.6% for V2G direction at around 50% rated load powére hgh conversion
efficiency leading to reduced cooling requiremert#Hz passivecomponentsand
innovative stacked planar transformer structplay critical roles for the proposed
converterin reacting a power density of 9.22 W/ch{151.1 W/irf), which is twice

higherthanotherstateof-the-art designs.
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Chapteré Concl usion and Future WorKk

6.1 Conclusion

The fast growth of the EV markdtivesthe deelopment ohigh-performance and
compacibonboard chargeré\s anessentiapart of a bidirectional EV onboard charger,
an isolatedC-DC converteplays a critical role imchiewng high powerdensity, high
efficiency, and bidirectional power flow.

In this work to meet the challenges of power densityd high efficiency a
bidirectional CLLC topology basedDC-DC converterusing a novel stacked planar
magnetic structurés proposed with MHZevel operating frequency. This research
mainly focuses on providing inmative solutions fothe designof MHz, power dense
DC-DC conveters.

This complex and multidisciplinary topic is decomposed thteestages. In the
first stage, a comprehensive literature review on the-efatee-art of highfrequency
and bidirectional DEDC topologiess completed. The advantages and disadvastage
of two candidate topologies for EV onboard chargers, CLLC and DAB, are
investigated, analyzed and discusgsedletails.A methodology to fully evaluate the
performances and characteristics of the CLLC and DAB convestpreposed. Both
CLLC and DAB converters can achieve high efficiency, galvanic isolation, and wide
output range. Four prototypes (FBCLLEIBCLLC, FBDAB, and HBDAB) are
designed and developed with 1 kW power rating and 170 kHz operating frequency. The
perfomancef the four converterarecomprehensively analyzed and compared. The

results show that at 1kW and 3.3kW power levels the CLLC converter is more suitable
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for EV onboard charger applications due to the wider soft switching range and less
output filter requirements, compared to the DAB converter.

Based on the conclusions of thest stage, the CLLC converter is selected for the
compact, MHzlevel, and multkW design.To achieve high power density, a planar
transformer is a necessity to replace thékywand heavy traditional wireround
transformes. Therefore, in theecondstage, an innovative stacked planar transformer
structure with adjustable leakage inductarscproposed. In order to reduce the AC
conduction loss of the magnetic components gh lifequencies, resonant inductor
integration with the planar transformer is a necessity. Hence, the leakage inductance of
the transformer must be sufficient and precisely adjustable. The proposed stacked
planar transformer structure can be used to aclpiease tuning on both magnetizing
and leakage inductances. The impacts of skin and proximity effects on a planar
transformer at MH#evel frequenciesre mathematically modeled for accurate loss
modeling. An optimal design methodology of the planar foangeris proposed to find
the best winding turn number and winding structure to maximize efficiency. To validate
the planar transformer design, an FEA model using ANSYS Maxswadveloped It
is shown that the simulation resuftsrzorablymatch the theetical calculations.

Finally, in the last stage, a highequency, bidirectional, compact CLLC converter
for EV applications is designed variable DClink algorithmis used to reduce the
gain range requirement of th@LLC converter, resulting in a relaely narrow
operating frequency range, which is highly beneficial in MHz level design.
Furthermore, CLLC converters typically have thighestefficiency at their resonant

frequency; thus, a narrow operating frequency range makes the converter highly
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efficient throughout the entire load range. Consequently, in this work, -450¥
input, 250420 V output CLLC converter prototyfebuilt andthe prototype operates
with 3.3 kW power rating and 1 MHz resonant frequency. With the heffepfoposed
optimd design methodology, the CLLC prototype achieves peak efficiencies of 97.2%
in G2V mode and 96.6% in V2G mode, respectively.

The MHzlevel operating frequency design leads to an dtnapact design
utilizing proposed innovative integrated planar trarmsfer and lowprofile ceramic
resonant and output capacitors. Moreover, withhilyg-efficiency optimizeddesign,
the cooling requirement of the converigrelatively low, leading to a smatleatsink
volume. With the help of advanced design solution aptimization, the proposed
converter achieves a power density of 9.22 W/@&1.1 W/irf), which is twice power
densecompaedto otherstateof-the-art solutions.

The major contributions of this dissertation are summarized as below:

First, we develop aomprehensive methodology to evalutite performance of a
DC-DC converter for EV onboard chargers. The evaluation is based on efficieney, soft
switching region, design and control complexity, component power stress, and power
density. The evaluation metthology is simply applicableto different power and
frequency levels.

Second, we propose an innovatstackedplanar transformestructure which can
be used to design a transformer with precise leakage and magnetizing inductances. This
property can signifiantly help in resonant converter design

Third, we formulate a mathematical model of power losses in a planar transformer

at MHz frequency. The modektimates the impact of skin and proximity effects on
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the planar transformer windingand calculates théosses for different winding
structures. Based on the proposed model, an optimal planar transformer design
methodology is developed which helps to minimize the total power losses, leading to
the highest transformer efficiency.

Fourth, we present a detallesysterdevel power loss model for MHz resonant
converters. The loss model includeswi t chdés conducti on, rever
partial hard switching losses, resonant capacitor ESR losses, and planar transformer
losses, which helps in cooling systemiges

Last, a prototype wittheimprovedgate drivng system is built, operating at 1 MHz
and 3.3 kW.The measured results highly match the theoretical calculaBased on
our best knowledge, this is tifiest CLLC converter working at such high frequgn
and power levels. Moreover, using all the proposed design methodologies and
optimizations, the prototype achieves 97.2% peak efficiency with the power density of

9.22 Wicnd (151.1 W/ird).

6.2 Future Work

6.2.1Development of &Maximum-efficiency ControlAlgorithm

A completed onboard charger can be buhich requires thentegrationof a PFC
stage and the proposed IXC converteras shown inFig. 6-1. Since the charger
operates with a variable DIk voltage, developing an online, optimized, and +eal
time maximumefficiency control algorithm for the charger becomes challenging. The

control algorithm should be able w&djustthe DClink voltage consicering load
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conditions to achieve the maximum efficierfoy the entire system. Several problems

need to be addressed for its effectiveness and practicality.

Charging mode
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PFC Stage DC-DC Stage

Discharging mode

Fig. 6-1 Final topology of high frequendyidirectionalonboard charger.

First,as shown irFig. 6-1, an interleaved toterpole bridgeless boost convertam
beused as the PFC stage du&t@mall current ripple, low EMI and reduced inductor
size [125].The efficiency of this stage relatedto the load and operating duty cycle
(i.e. DClink voltage), and the efficiency of the CLLC converter is dependent on the
load and operating frequency (i.e. 8iGk and output voltage)Based on these
properties,wo completecefficiency maps can be drawn fesch stagwithin the entire
load range and D@nk voltage rangeThen the optimal DGlink voltages with respect
to thevariableloads can be determindaly findingthe maximum efficiehcombination
of two stages.Eventually, the maximurrefficiency control algorithm can be
implemented by monitoring theeaktime load condition and adjusy the DClink
voltage following thegathereddata.

Seconda common problem in a system of cascaded switching power converters
(AC-DC and DCGDC in this case) is the dormance of commomode (CM) EMI noise,

arising from the parasitic capacitances existing between DC link terminals and chassis
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ground. Since the entire converter system can be considered as gobasgePFC
rectifier with a MHz switching D€DC load, the hig-frequency commoimode
leakage current flows to the electrical ground and makes the CM EMI (between 10
MHz to 30MHz) performance worse. In this aspect, an innovative approach of creating
a noise circulation path inside the convecim be developed fwevent the noise from
propagating to the grid. Also, the proposed solusioouldtake care of minimizing the

net volume and weight of the ada filter componats as a part of the EMI solution.

6.2.20ptimal Designs for Higer Power Extensions

Currently the most common onboard charging power levels for PHEVs and EVs
are respectively, 3.3kW and 6.6kW. However, the EV industry is looking for extending
the onboard charging power levels to even higher power levels such as 11kW and
22kW. For higher pwer onboard charger designs, such as 6.6 kW, 11 kW, or2@ven
kW, amulti-phasenterleavedotempole topology can bemplemented to extend the
power rating of the PFC stage. Howevemited by the sizeand magnetic core
propertiesthe ratedpower ofa singleplanar transformer is regcted. Higlrer power
extension of the proposed 1 MHz converter is another chaliente future work
Higher power results in a significant increase in winding loss and may lead to the
saturation of the transformer.

Matrix transformer can be one soluti@s shown inFig. 6-2 for higher power
applicatiors. Instead of using a single planar transformer, several (deperitie total
power rating) planar transformers with relatively low power ratgng connected in
parallel to form a matrix transformer. The currgptit flows through all the

transformers resuitg in significantly reduced winding losses. The requireaver
124



rating of each transformer is also much lower than that of a single transformer.
However, the matrix transformer requires all the individual transformers highly
identical to avoid any unbalance conditions, which result in large circulating current
andpower loss Fortunately, for planar transformers, with the PCB windings, it is not
problematic to build all the individual transformers identically. For the other
components,power ratingshould be sufficientto conduct highercurrert flow.
Furthermore due to the highly notinear gain performance of CLLC converters as
analyzed in Chapter 3, the designad€LLC converter for 11 kW ané2 kW power
levels can beome exceedingldifficult. Moreover,the peak resonant current can be
extremelylarge resultingin high component stres#Hence, at these power levels, a
DAB topology with relatively low design and control complexayuld be amore

suitablesolution.

Charging mode
—_—

Matrix Transformer

Discharging mode

Fig. 6-2 Higher power extension with matrix transformer.

Another solution is to parallelbnnect multiple propose®l3 kW CLLC modules
for higher power ratings as shown kig. 6-3. In comparison to the solution with
matrix transformer, this structure has a major advantage of a higher efficiency at light

load conditions,since each CLLC module can be turned on and off independently. At
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light load conditionsselected modules can be turned off to ensure theotumodules
operating at their maximum efficiency conditiomMdore importantly, this structure
does not increase the design complexity for high power levels. Furtherezmte
module this dructure can wrk individually which improves the robustness of the
system. The main disadvantage of this solution is the relatively higher control
complexity and higher cost of the gate driving systeanthermore, this approach will
lead to a larger and heavier system

In the future work, the two potential solutions can be developed and compared for
6.6 kW, 11 kW, an@2kW to find the optimal designs for the higher powetensions
A liquid cooling system is a necessity to maintain the operating temperature dgie to hi
loss density incurred from power dense desWiith an optimal designhe power
density could potentially be at least twice compared to other level 2 onboard chargers

on the market.

Charging mode

out
— | Battery

i
I
i
i3

Discharging mode

Fig. 6-3 Higher power extension with multiple proposed CLLC modules.
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