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Abstract

Galvanic isolation between the grid and energy storage unit is typically required for
bidirectional power distribution systems. Due to the recent advancement Hbavidgap
semicondudar devices,it has becomédeasible to achieve the galvanic isolation using
bidirectionalisolated DC/DC converters instead of hinequency transformers.

A survey of the latest generation SiC MOSFET is performed.dBv&ces were
compared agaim®ach other based on thkey parameterdt was determined thatnder
the given specificationshe most suitable devices a8M0016120K1.2k V 1 6andnY
C3M0010090K900 V 10m Y SiC MOSFEE from Wolfspeed

Two of the most commonly utilizedidirectional isolated DC/DC converter
topologies, dual active bridge and CLLC resonant converter are introduced. The operating
principle of these converter topologies are explained. A comparative analysis between the
two converter topologieg$ocusing on total device loskas been performed. It was found
that the CLLC convertehas lowertotal device lossompared to the dual active bridge
converterunderthe given specificationg.oss analysigor the isolation transformer ithe
CLLC resonant converter was also performed at different switching frequencies It wa
determired that the total convent loss was lowestt a switching frequency of 250 kHz

A prototype for the CLLCresonantconverterswitching at 250 kHzavas then

desgned and builtBidirectional poweideliveryfor the converter wasgerified for power



levelsup to25kW. The converter wavefornand efficiency dataere capturedt different
powerlevels Under forward mode operat, a peak efficiency of 98.3% at 15 kWas
recordeglalong with afull load efficiencyvalueof 98.1% at 25 kWUnder reverse mode
operationa peak efficiency of 98.8%vasmeasuredt 17.8 kW Thefull load efficiency

at 25 kWunderreverse mode operation98.5%.
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Gener al Alugti reanccte

Electricalisolation between the grid and energy storage unit is typically required
for bidirectional power distribution systemBraditionally, this isolation is achieved via
line-frequency trasformers, which tentb be bulky and heavyrhisimposes a limit nthe
overall system power density, whigh a crucial performance metric ftwdirectional
power distribution systems

Alternatively, the regired electrical isolation can banplemented trough
bidirectional power converter®s a result the overall system power density can be
drastically improvedHowever, the losses incurred the semiconductor devices in such
converterscould significantly reduce the overall system efficiency, whicharsother
important performance metric.

Due to the recent advancement in semiconductor devii¢es becoméeasible to
designthe requiredbidirectional power converters withigh efficiency anchigh power
density.A survey of the latest generatisemconductor devices performedA 25 kW
converter prototype wadesigned and builising the selected semiconductor devices
Experimental testing was conducted for the converter prototype fio@rey values
exceeding 98% wereapturedacross the entir®ad rangeThe converter prototype has a

power density of 78 W/i
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Chapterll nt roducti on

1.1 Background

Galvanic isolation between the grid and the energy storagesuyitically required
in bidirectional power distribution systems due to safety reasons. Traditionallis this
achieved using linfrequency transformers as shown kigure 1.1 [1]. While line-
frequency transformers are relatively efficient, they tend toutley and heavyThis has a
large impact on theystem power densityhe technical specifications for a BRUA rated

line-frequency transformer frofBaton is outlinedn Tablel.1.

Three | — TX. AC DC Energy
Phase— ][ Storage
Mains | DC DC Unit

Figurel.l. Bidirectional power distribution system wiihe-frequency transformer.

Tablel.1. Technical specifications f&f48M47T3016CUransformer from Eaton.

Spedfications V48M47T3016CU

Power Rating 30 kVA
Volume 19388 ir¥
Length 36.88 in
Width 21.13in
Height 24.88 in
Weight 415 Ib

Efficiency > 08.23%




Alternatively, galvanic isolation can be achiewih bidirectional isolated DC/DC
converters perating as a DC transform@@CX) shown inFigure 1.2 [2]. The typical
structure of such converter topologies is showikrigure 1.3. An isolation transformer
operating at the switching frequency of the converter provides the galvanic isolétera
is a fulkbridge networkon each side of the isolation transforneallow power delivery
in both direction.Usually, there are also reactive elements connected to the isolation
transformer that are drivehy the output of the fulbridge network.The switching
frequeng of such converters teatb be in the range of at least tens ibblkeriz. The size
of the transformer for a given power level is inversely proportional to the operating
frequency. The higher operating frequency in the isolated DC/DC converter enables a
reduction in transformer volume by ordef magnitudeConsequently, the weight of the

transformer is also reduced.

Three __| AC . .DC>E - bC Energy
Phase— Vi Vo Storage
Mains ™| DC DC Unit

Figurel.2. Bidirectional power distribution system with DC transformer (DCX).

The total device loss forms a large portion of the loss in a bidirectional isolated
DC/DC converter. Théoss in a device can be broken down into driving loss, conduction
loss and switching lossAt higher power levels, the driving loss usually negligible
compared to theconduction loss and switching losBor a given power level, the
conduction loss is determined by thegiate resistance of the dewim the converteiThe

higher theon-state resistancéegreater the conduction loss will be in the converter.



The switching loss is determindxy the switching speedof the device.Faster
switching transitions leads to lower switching energy dissghan the deviceThe
switching lossin a deviceis a product of the switching energy aswitching frequency
Therefore, if a specified converter efficiency needs to betheegwitching speedhposes
alimit on themaximumallowabk witching frequencyThis posesan obstacle ofurther
reduction in the isolation transformer volume.

Based on the above discussiahsan be concludethat the semsonductor device
has a large impact on the overall performance of the bidirectional isolated DC/DC
converter. Devices with low estate resistance and faster switching speed are redoired
improveboththe efficiencyand power densitgf the cowerter.

Recent advancements semiconductor devicesavedramatically increased the
switching speed of the devigalong withreduction in the otstate resistance. This enables
the power density and the efficiency of the bidi@tal isolated DC/DC converter to be
pushed even further.

A survey on the performance metrics of state of the art bidirectional isolated
DC/DC convertes has been performed. The data for peak efficiency vsd pwer is
shown inFigure1.4. The figureshowshigher efficiency in bidirectional isolated DC/DC
converters acrogdifferentrated power levelbas been reported in recent years

The curve for power densits. rated power levelor state of the art bidirectional
isolated DC/DC converteis shown inFigurel.5. Additionally, the power densityalues
for these convertereplotted against their peak efficiency valasshown inFigurel1.6.
The general trenduggestshat the advancement s@miconductodevices has enabled an

increase in both the power density and the peak efficiencies of power converters.
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Figurel.3. General circuit structure didirectional isolated DC/DC converter.
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The objective of the research outlined in thissthas to ealuate and design a
bidirectional isolated DC/DC convertén achievegalvanic isolation in a bidirectional
power distribution system. This conversrall bedesignedor high efficiency and high
power densityising latest generation semiconductor devitag targespecificationgor
the converteare outlined infablel1.2.

Tablel.2. Converter specifications.

Converter Specifications Value
Bidirectional Power Output 25 kw
Primary Side Voltage, ¥ 800V
Secondary Side Voltage Vv 530 V
PeakEfficiency > 985%
PowerDensity > 70 W/ir?

1.2 Thesis Outline

This thesis shall focus on the designd evaluation for a SiBased bidirectional
isolated DC/DC convertdrased on thgivenspecificationsThis converteshall serveas
a DC transformein a bidirectional power distribidn system providing the required
galvanc isolationthat is traditionally fulfilled by a lindrequency transformer

In Chapter 1, thenotivation for achieving galvanic isolation usibglirectional
isolated DC/DC convertetia a bidirectional power distribution system is discussSeuke
improved feasibility of this application due to the recent advancement inbaitidgap
semionductortechnologyis explained A survey onthe performance metricsf gtateof-
the-artbidirectional isolated DC/DC converters is performiEae target specificatiorfer

the converter prototype to be designed and budlsispresented
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In Chapter 2,an overview of different semiconductor device technology is
provided. The selectioof the latest generation SiC powOSFETSunderthe given
converter specifications isedormed Two of the most common bidirectionelolated
DC/DC converter topologies, dual active bridge and CLLC resonant converter are
introduced The operation and salient characteristic of the two topologies are then
discussedFor the given coverterspecification,a comparative analysis between the two
topologiesis performedto determinghe topology with the lowegbtal device losslLoss
analysis onltie isolation transformer in th@nverteris also performed to determine the
optimal switching frequency.

Chapter 3 focusson the design of the 28V CLLC resonant convert@rototype
Design challengesssociatedwith high frequency switchingpf SiC MOSFETsare
consideredGate driver circuity designis performedo address the design challenges such
as asymmetry in propagation delay, crosséald common mode transient immunity. The
impact of the power stage layout on converter performance is also discussed. In addition,
the layout of the actual power stage particularthe steps taken to minimize gdt®p
inductance and comntation path inductance are presented.

Testing and evaluation of tt&5 kW converteprototypeis outlined in Chapter 4.

The verificationof the power stage layout digate driverdesignvia double pulse testing
is presented. The captured waveforms for double pulse testitngdevices with different
external gate resistance greesentedThe assembled 25 kW converter prototypas

testedup to 25 kW with power delivery in both directian¥he converter operating

waveformsalong with the efficiency dat@re captureat differentpower levels



Chaper 5 provides an overall summary of thesis along with potential areat

interestthat can beontinuedas an extension of the research outlined in this thesis.



Chapter2Devi ce Selection and Topol

2.1 Wide-BandgapDevice Selection

The key material propertidsr silicon(Si), silicon carbid€SiC)and gallium nitride
(GaN)areoutlined inTable2.1[14] [15]. Due to their larger bandgap energy compared to
silicon, silicon carbide and gallium nitride are referred to as wedadgap semiconductor
materials This bandgap energy igpically defined as the energy required &ectrors to
jump from one layer to anothéeérheoretically,a higher bandgap energydicatea lower
leakage current and higher opérgttemperature

Wide-bandgap semiconductor devices also Havger critical field compared to
silicon. Thislarger critical fieldenablesa thinner drift region for a given breakdown
voltage. As a result, a lower @tate resimncevaluescan be achieved for widgandgap
devices The larger electron mobilitior the widebandgap materialfurther reduces the
required diearea for a given ostate resistance. Given that foaction capacitance oh
semicaductor deice is related to the die areaide-bandgap devices would have lower
capacitanceThe lower junction capacitance combined with higher saturated electron
velocity leadfaster switching transitions compared to silicon devisgh similar power
ratings hencethe resultingwitchingenergy is lowef16] [17] [18] [19]. Finally, the higher
thermal conductivity for widdvandgap semiconductor devices reducesthidenon the
thermal managemegcbmponents within theystem Congquently, the power density of

the converter can be furthenproved.



Table2.1. Material properties for Si, SiC and GaN materials.

Material Property Si SiC GaN
Bandgap (eV) 112 32 34
Critical Field(MV/cm) 03 35 33

Electron Mobility(cm?/V-s) 1500 650 2000

Saturated Electron Veloci(f0’crs) 1.0 2.0 2.5

Thermal ConductivitfW/cm-K) 15 49 1.3
Based on the general structure of the converter, the full bus voltage shall appear

across the device when it isrhed off. This corresponds to 800 V for the primary side
device and 533 V for the secondary side desieutlined in the converter specifications
General design guidelinssiggesthat the rated voltage of the device needs to be at least
1.5 times the full bus voltage. Therefore, the primary side and secondary side devices need
to be rated for at least 1.2 kV and 800 V respectively. Howawegent survey shows that
commercially availabl&aNdeviceshavevoltage ratingup to 650 Vonly [15]. Therefore,
silicon carbide devices shall be selected for the specified converter.

A survey of the latest generation SiC MOSFETs has been performed and outlined
in Table2.2 alongwith the key performaremetricsThe 1.2 kV16mY (X3M0016120K
and 900 V 10n Y (C3M0010090K devicesfrom Wolfspeed areelectedor the primary
side and the secondary side respectivEhese two devices have the lowBgton among
devices with similar voltage rating addition the Kelvin connection in the T@744
packageyields lower switching energyresulting in lower expected switching loss

compared to similar devices with TZ47-3 packaging20].
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Table2.2. Summary of latest generation SiC MOSFET devices.

X3M0016120K  C2M0025120D GE12025RF3 C3M0010090K
Manufacturer Wolfspeed Wolfspeed GE Wolfspeed
Vss(V) 1200 1200 1200 900
Package TO-247-4 TO-247-3 DE-150 TO-247-4
Rds,o@25°C(mY) 16 25 25 10
T; (°C) -50 to +175 -55 to +150 -55to +175 -55 to +150
Io @ 25°C(A) 107 90 61 160
Vs (V) -8/+19 -10/+25 -15/+23 -8/+19
Vgs,th(V) 2.5 2.6 3.2 2.4
Coss(OF) 233 220 199 350
oss(P @Vbs=1000V @Vps=1000V @Vas=500V  @Vps= 600V
Qq (nC) 227(-4/+15V)  161(-5/+20V)  170(0/20V) 222(-4/+15 V)
9 @Vps=800V @Vps=800V @Vpbs=600V @Vbs= 600V

2.2 Operation ofBidirectional Isolated DC/DC Converter Topologies

Dual active bridge(DAB) is one of the most commonly used topology for

bidirectional isolated DC/DC power conversi@[13] [21] [22]. It was first proposed by

R.W. De Doncker if23]. The circuit diagranfior thedual active bridge converterseown

in Figure2.1. The equivalentcircuits during one complete switching cyckreshown in

Figure2.2 andFigure2.3. The converter waveforms under steady state operatesmown

in Figure2.4.
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Figure2.1. Dual active bridge converter.

The operation of # dual active bridge convertduringone complete switching
cycle is discussed beloj@4].

Mode 1 [i-to]: At t1, the MOSFETSs $Sand S are turned onThe MOSFETSs &and
Sg are already conductinghe primary side bridge outputMs positive. The secondary
side bridge outpW'sis negativeThereforea positive voltage is applied across the leakage
inductor Lk and the current flowing through it increases linealtythe case where the
voltageViis equal to or greater than th@lueof V2 reflected to the primary side, the initial
currentflowing throughinductor Lk at t will always be negative

Mode 2 [t-t3]: At to, the MOSFETs Sand S turn off. The MOSFETs Sand S
are stillconducting. The energy storedimductor Lk at & charges the output capacitasce
Cs and G and dischargesgand G. The voltage acrogbe secondary side bridge output
Vs transitions fromV2 to +Vo>. If the energy stored in the leakage induct@usicient to
complete the charge and discharge process of tagseitance then ZVSis achieved by
MOSFETsSs andSy when they are turned on atNlo power transfer from primary side to
secondary sideccurredduring this interval.

Mode 3 [8-t4]: At t3, the MOSFETSs &nd S are turned on. The MOSFETs &d

S, are already conducting. Thweltage across the primary side bridge output is positive.

12



The voltage across the secondary side bridge output is also @asisuming the voltage
V1 is equal to or greater than the value ofréflected to the primary sidehd current
flowing throughinductor Lk ramps up linearly.

Mode 4 [t-ts]: At t4, the MOSFETSs Sand S turn off at the pealknducior current
value. The MOSFETs-&nd S are still conducting. The energy stored in the inductor L
at  charges th&MOSFET output capacitanseC, and G and dischargesLand G. The
voltage acrosprimaryside bridge output ptransitions from theV to -Vi. If the energy
stored in the leakage inductor is sufficient to complete the charge and discharge process of
thesecapacitancg then ZVSis acheved byMOSFETSS, andSs when they are turned on
at 5. No power transfefrom primary side to secondary sidecurredduring this interval.

Mode 5 [t-tg]: At ts5, the MOSFETSs Sand S are turned on. The MOSFETs &d
Ss are already conducting. The voltage across the primary side bridge output is negative.
The voltageacross the secondary side bridge outpytdsitive. The resulting voltage
applied acrossductor Lk is negative. The current flowing through the leakage inductor
Lk ramps down linearly.

Mode 6 [6-t7]: At te, the MOSFETs &and S turn off. The MOSFETs Sand S
are still conducting. The energy storedriductor Lk at & charges the output capacitasce
Cs and G and dischargessand G. The voltage across secondary side bridge output Vs
transitions from +Y to -V». If the energystored in the leakage inductor is sufficient to
complete the charge and discharge process of tapseitance then ZVSis achieved by
MOSFETs $and S when they are turned on atNlo power transfer from primary side to

secondary side occurs during this interval.
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Mode 7 [t-tg]: At t7, the MOSFETs Sand S are turned on. The MOSFETs &d
Sz are already conducting. The voltage across the primary side bridge output is negative.
The voltage across the secondary sidegerioutput is also negativ&ssuming the voltage
V1 is equal to or greater than the value ofréflected to the primary sidehe current
flowing throughinductor Lk ramps down linearly.

Mode 8 [t-to]: At ts, the MOSFETSs Sand S turn off at themost negativéeakage
inductor current value. The MOSFETs&hd S are still conducting. The energy stored in
the inductor Ik at s charges the output capacitancea@d G and dischargesi@nd G.
The voltage across primary side bridge outppitrénsitions from theV: to +V1. If the
energy stored in the leakage inductor is sufficient to complete the charge and discharge
process of theseapacitancg then ZVSs achieved bMOSFETs $and S when they are
turned m at . No power transfer from primary side to secondagursside occurs during

this interval.
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Figure2.4. Converter operating waveforms for dual active bridge.
The CLLC resonant converter is another common topology used to achieve
bidirectional DC/DC power conversion with galvanic isolatj@B].The circuit diagram
for the CLLC resonant converter is shownFigure 2.5. The different equivalent under
one complete switching cycles is shownFigure 2.6. The converter waveforms under

steady state operation is showrFigure2.7.
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Figure2.5. CLLC resonant converter.

The operation of theCLLC resonantconverter (CLLC) during one complete
switching cycle is discussed below.

Mode 1 [i-t5]: At t1, the MOSFETs § &, S and S turn on.Power is transferred
from the primary side to the secondary side. The bus voltage &pplied across the
magnetizing inductances,.hence the magnetizing inductor curreptincreases linearly.
Inductors L1 and L2 resonate with capacitorsi@nd G». Therefore, thecurrent flowing
out of the secondary windingdoes through halif a resonant cycle. The primary winding
current p also resonates until it reaches the peak magnetizing inductor curtent at

Mode 2 [b-t3]: Attz, theMOSFETSS:, &, S and S turn off. The circuit enters the
deadtime region. Thenergy stored in thenagnetizinginductance ensures tloairrent
flowing through itis continuous. This currerharges the equivalent MOSFET output
capacitanceCy, C4, Gsand G and discharges;, Cz, Cs and G. If the charge and discharge
of thethesecapacitancearecomplete beforest ZVSis achieved bMOSFETSS,, S, S
and S when they turn onNo power transfer between the primargesiand secondary
occurs during this time interval.

Mode 3 [t-t4]: At ts, the MOSFETSS;, S, S and S turn on. The power is

transferred from the primary side to the secondary side. The negative values of bus voltage

18



V1 is applied across the magnetizimgluctance k. As a resultthe current [ flowing
through itdecreasebnearly. Inductors L1 and L resonate with capacitors:@ndCi2.The
current flowing out of the secondary windinrggbes through half of a resortaycle inan
opposite direction compared to Mode 1. The primary winding curyaigd resonates until
it reaches the minimum magnetizing inductor current at the ingtant t

Mode 4 [ts-ts]: At ts, the MOSFETs § S, S and S turn off. The circuit again
enters the deadtime region. The energy stored in the magnetizing inductance tesures
currentflowing through itis continuous. This current charges the equivalent MOSFET
output capacitanseC,, C3, Gs and G and discharge€s, Ci, Cs and G. If the charge and
discharge of theecapacitancearecomplete beforest ZVSis achieved bfMOSFETSS;,
S4, Ssand Swhen they turn orNo power transfer between the primary side and secondary

occuredduring ths time interval.
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2.3 Comparative Analysis of Bidirectional Isolated DC/DC Converter
Topologies

In order to determine the most suitable topology for the given application, the
optimal design at different switching frequencieed to be performeahd the resultig
total device loss shall be compardalie to the symmetrical nature of both converter
topologies, it would be reasonable to assume that an analysis based on power delivery from
primary to secondary side would yield a trend that would also hold trueviergelivery

in the reverse direction.
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Given that both DAB and CLLC converters achieve high efficiency through zero
voltage switching, the optimal converter designs must sdlisfcriterion Thereforeas a
first step in the designrpcessthe chargeequivalent output capacitance of the device at
the specified DC operating voltage need to be deternjzédd

The smallsignaljunctioncapacitanceat different DC operating voltage valuis
C3M0010090KandX3M0016120Kare shown irFigure2.8 andFigure 2.9 respectively.
The total charge £ stored aarss the devicas determined by integrating the area

underneatiCosswith respect to Wsup until the specifie®C voltage. The formula is given

by (1).
0 6 U QU (1)

Once the storedharge is determined, the chargguivalent output capacitance is
determined using the formula given (2).
6 n 0 T 2
The resulting chargequivalent capacitance forC3M0010090K and

X3M0016120Kare 430 pF and 860 pF respectively.
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For the DAB converter, once the chamgguivalent output capacitangalues are
determined, the minimum required leakage inductdnecas determinedaccording to
method outlined if26].

The resulting converter parameters for DAB converter under different design cases
areoutlined inTable2.3.

Table2.3. Converter parameters for DA®nNverterunder different design cases.

DAB Parameter Casel Case?2 Case3 Case4
Switching Frequencyfs (kHz) 50 100 250 500
Output Powe(kW) 25 25 25 25
Transformer Turns Ratjm 1.5 1.5 1.5 1.5
Leakage Inductance yL(pH) 1 1 1 1
PrimaryMagnetizing Inductance.m (uH) Inf. Inf. Inf. Inf.

Thedesignprocesdor the CLLC resonant convertgimilar to the one described in
[27] begins with the determination of the optimal deadttm&he formulae foprimary
windingrms current, rmsand secondary windimgns currentsmsare giverby (3) and(4).
As an example hie graphsof rms currenin the primay winding and secondary winding
at deadtime foaswitching frequency of 250 kHare shown ifrigure2.10 andFigure2.11
respectively.lt can be observed frorthe plot that the minimum rms current for both
windings do not occur at the same deadtime. Hence the optimal deadtime to minimize the
total conduction los$n the deviceslepends on the estate resistance of the devicethe

converter.

O tTEO0 Y YO O
G o LA o« PO ks 3

TUCE 0
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The formula for total conduction logs thedevicesis given by(5). The resulting
plot for a switching frequency of 250 kHis shown inFigure2.12. It is shownthat an
optimal deadtime of 100 nkeads to thdowest total conduction lossn the devices
Although it is worth noting that the difference in total conduction loss in the ekevic

changes by no more than 25 W &teadtimeranging between 30 ns to 350 ns.

0 ¢ Y i QY (5)

Primary Side RMS Current vs. Deadtime
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Figure2.10. CLLC converter primary side RMS current vs. deadfionds = 250 kHz

25



Secondary Side RMS Current vs. Deadtime
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Figure2.11. CLLC converter secondary side RMS current vs, deadtimie = 250 kHz
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Figure2.12. CLLC converter total conduction loss vs. deadtfores = 250 kHz
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Once the optimaldeadtime known the maximum allowable magnetizing
inductance can be detsined. This ensures that ZVS is achieved for all the devices in the

converter across the entire load range. The formula is givés).by

.- “Y ¢O O

h 32
. 0 - (6)
Yo g 3 i

Finally, the reactive elements in tHeLLC resonant tankwere calculated using the

formulae fiown below.

0 ¢ 0 (7)
0

o O 3

o) : (8)

o} © 9 9

0 o}

0 0 0 (20)
" P

Y o5 (11)

YUY ¢o (12)
o P

O C“ "Q [‘) (13)

0 0 a4

0 0 (15

0 Q) (16)
o}

5 @ — 17
C

The resulting converter component values for CLLC masb converter under

different switching frequencies are outlinedliable2.4.
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Table2.4. Converter parameters for CLLC converter under different design cases.

CLLC Parameter Casel Case2 Case3 Case4d
Switching Frequenc{kHz) 50 100 250 500
Output Powe(kW) 25 25 25 25
Transformer Turn&atio, n 1.5 1.5 15 15
Primary Leakage Inductancey I(jptH) 6 2.2 0.5 0.20

Secondary Leakage Inductance, (luH) 2.67 0.98 0.22 0.09
Primary Resonant Capacitan€e: (uF) 1.62 1.08 0.73 043
Secondary Resonant Capacitarce (F) 3.65 2.44 1.65 0.98

PrimaryMagnetizing Inductance.m (uH) 600 220 50 20

The simulated current for botBAB and CLLC resonant convertergsith a
switching frequency of 50 kHzare shown inFigure 2.13. It can be observed that the
primary and secondary rms current are higher for the CLLC resonant converter compared
to the DAB converterAt any given power ledgthe average current flowing through the
windings of the isolation transformer should be almost identicabditn the dual active
bridge and CLLC resonant converter. The shape eftthnsformer winding current is
guasisquare for the dual active bridgedaquasisinusoidal for the CLLC resonant
converter.Quastsinusoidalwaves havearger rms current compared to quaguare
waveforms. Thereforat is within expectation thaCLLC resonant convertdrashigher
rms winding current valuesompared t®AB.

It can also be observed that the tofficurrent in both the primary and secondary
devices are higher for the DAB converter compared to the CLLC resonant converter. For

the DAB converter, thalevices turn off at the peak leakage inductor current values.
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Whereas for the CLLC converter, the primaige turnoff current is determined purely by
the peak magnetizing inductor current and the secondary devieafteurrent is zero due
to zeracurrentswitching gCS).

The total device loss for both the DAB and CLLC resonant convéoten
switching frequency of 50 kHare shown ifFigure2.14. The conduction loss in the device
is higher for the CLLC resonant converter due to the larger rms current flowing through its
windings. However, thevatching loss in the device is much higher in the DAB converter
due to the larger device tuoff current.The difference between the switching lestues
for DAB and CLLC resonant converter is large enough such that larger total device loss is
reported ér the DABeven at 50 kHz switching frequency.

The simulated current for both the DAB and CLLC resonant converter under Case
2 are shown irrigure2.15. The rms current in both the primary and secondary wgsdi
along with the device turoff current remain relatively unchangedmpared to Case 1
From the device loss data showrFigure2.16. It can be observed that due to the higher
switching frequacy, the switching loss in both converter increadéso, the difference in
total devicdossbetween the DAB and CLLC resonant converter becomes much greater.

The simulated current and total device loss for both the DAB and CLLC resonant
converte under Case 3 are shownHkigure2.17 and Figure 2.18 respectively.The total
device loss for both DAB converter and CLLC resonant converter are even higher
compared topreviousy discussed cases due to the increased switching |dsigler
switching frequenes Similar trend can be found in the simulated current and total device
loss for DAB and CLLC resonant converter under Case 4, which are simovgure2.19

andFigure2.20respectively.
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Based onsimulateddata acrossthe range of switching frequencie# can be
determined thathe total device loss for the CLLC resonant converter is higher than the
DAB underthe givenspecifications Hence the CLLC resonant converter is selected

achieve the galvanic isolation typically requiredthe bidirectional power distribution

system.
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Figure2.20. Comparison of total device loss for DAB. CLLC under Case. 4
The 2D drawing for the isolation transformer in the CLLC converter is shown in

Figure2.21. The core material for this isolation transformer is 386 Ferroxcube. The
transformer loss at different switching frequencies is outlin€aible 2.5. The core loss
data is obtained via ti&teinmetz's equatianodel provided in the material datashdéte
winding loss data is based on simulation model built by the transformer manufacturer.
Giventhat the saturation magnetic flux densitya:Br the 3F® core material is exceeded

at50 kHz, no winding loss and core loss data is determinedsdtehuency
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Table2.5. Transformer losbreakdown

Transformer Parameter Casel Case?2 Case3 Case4
Switching Frequenc{kHz) 50 100 250 500
Core Material 3F36 3F36 3F36 3F36

Saturation Magnetic Flux DensjtBsat(T) 0.42 0.42 0.42 0.42
Effective CrossSectional Area, A(mnY) 540 540 540 540
Effective Core Volume, ¥Y(mnr) 79800 79800 79800 79800

Magnetic Flux DensitygpB  ( T) 0.618 0.309 0.123 0.062

Core Loss Density (W/mih 0.00229 0.00229 0.00043 0.00016
Core Loss (W) N/A 182 34 13
Winding Loss(W) N/A 50 64 93
Total Transformer Loss (W) N/A 232 98 106

The total converter loss at 100 kHz. 250 kHz and 500 &ie¢zshown in Figure
2.22. The transformer core loss decreases with switching frequency and the winding loss
increases with switching frequency. The resulting total converter loss is lowest at the
switching frequency of 250Hz. Thisshall be th@peratingrequencyfor the25 kW CLLC

resonant converter prototygéscussed in subsequent chapters
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Figure2.21. Mechanical drawig of isolation transformeor CLLC resonantonverter.
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Chapter3SCLLC Resonant Converter D

3.1 Gate Driver Circuit Design

The design of a higperformance and reliable gate driver is crucial in obtaining
proper operationf the overall converter. There are several factors in designinglgeass
for SiC MOSFETSs that must be considered during the design ptocdsevethedesired
performance for theonverter.

At high switching frequencies,maismatch in the propagation delay between rising
edge and falling edge of tlhyatedriver output signal will result in a large deviation in the

effective dutycycle.

PWM Input PWM Input PWM Input
3] e e — :<—tPH|_ D —» :4— tpHL
N

DIN : DIN

Driver QOutput Driver QOutput Driver Output
(@) (b) (©)
Figure 3.1. Effect of mismatch in propagation delay on gditiwer outputfor Case 1
(@) teLH < teu, Case ZDb) tpin > tep andCase JC) trir = tPHL.

A rising edge in the gatériver output withsmaller propagation delay than the one
in the falling edge is present in CaseThisresutsin a larger effective dutycycle in the
driver output signal compared to the command sigh#the effective dutycycle exceeds
50%, there would be a duration aihg within each switching period where both devices

in a phase leg would conduct. A larghootthroughcurrent would then flownto the
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phaseleg. As a result, additional losses would occur which could potentially destroy the
devices.

In Case2 the propagation delay in the rising edge is larger than the one in the falling
edge, hence the effective dutycyle in the driver output sigsahadlerthan the command
signal. A smaller effective dutycycle means that for the same switching period, the time
allowed for energy transfer betwetre primary and secondasydes of the convertes
reduced As a result, aa givenoutput power level, the rms gent flowing through the
devices will be greater, which leads to higher conduction loss.

Case 3 represents the ideal case where the propagation delay in the rising edge is
equal to the propagation delay in the falling eddjeder this case, there is no deviation in
the effective outpudlutycycle compared to thautycycleof the commandignal

Additionally, due to the fast switching action involved at 250 kHz, it is also crucial
to select a gate driver with a high comrmande transient immunity (CMTI). StatCMTI
is typically ddined as the largest dv/dt betwetdae voltage rais on each side of thgate
driver IC, with inputs held either high or low su¢hat the outpubf the gate driver IC
would still remain at the expectéaogic level.

The list of commercially available gatiiver ICsis outlined inTable3.1 andTable
3.2. The gatedriver IC from Analog Devices (ADuM4136) was selected for its
performance in terms of CMTI, rise and fall times, peak gate mucepability and pulse

width distortion
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Table3.1. List of commercial gatdriver ICs.

1EDO020112B2 ISO5851 ADuM4136
Manufacturer Infineon Texas Ana_log
Instruments Devices
Package PGDS0O16-15 SOIG16 SOIG16
Max. OutputPositiveSupply, \ec2 (V) 20 35 35
Mini. OutputNegativeSupply, \Ee2 (V) -12 -17.5 -15
. 2 (source) 2.5(source) 4 (source)
Pe& Current CapabilityfA) 2 (sink) 5 (sink) 4 (sink)
Turn-on Propagation Delaygi+ (ns) 195 110 68
Turn-off Propagation Delaytpr (nS) 190 110 68
Pulse Width Distortion,dtH T tewi| (nS) 20 20 15
. . 60 35 22.9
o)
Output Rise Time (10980%), t (ns) @Clomo = 1 NF @Cioap =1NF @CL= 2 nF
: 90 37 22.9
o)
Output Fall Time (90%4.0%), t (ns) @Clom = 1 NF @Cioap =1NF @CL= 2 nF
Soft TurnrOff Scheme TLTO N/A LRTO
Transient Voltage Ratin®/iotm (V) 6000 8000 8000
Common Mode Transient ImmunifigV/us) 50 100 100

Isolated power supplies are required for the-glateer ICs. One important criteria
in selecting the appropriapower supply is the required output power. The isolated power
supply needs to provide enough power for both charging and discharging the MOSFET
gate capacitancelsut also the isolated side of the gate driver IC. The formula to determine
the required poer rating is given by The required power from the isolated power supply

is outlined inTable3.3.

C2
(e
>
S
C

(18
Anotherimportant specification for the isolated power supply is the output voltage
rail. Therecommendedaluesfor turn-on and turroff gate voltage of the device need to

be met.
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Table3.2. List of commercial gatdriver ICs(continued)

1ISO5452 STGAP1AS BM6104F\-C
Manufacturer Texas . ST . Rohm
Instruments Microelectronics
Package SOIG16 SO-24W SSORB20W
Max. Outpu PositiveSupply, \Vecz (V) +35 +40 +30
Min. Output Side NegativBupply, Ee2 (V) -17.5 -15 -15
. 2.5 (source 5 (sourc 5 (source
Peak Current CapabilityA) 5((sink) ) 5((sink)e 5( (sink) )
Turn-on Propagation DelaygiH (ns) 110 130 115
Turn-off Propagation DelaytpHi (nS) 110 130 115
Pulse Width Distortion,dtn T tewi| (NS) 20 10 20
: : 35 25 50
Output Rise Time (10980%), ¢ (ns) @Cloap=2nF  @Cloap =2nF  @Croap = 10 nF
. 37 25 50
Output Fall Time (90%4.0%), t (ns) @Coap=2nF @ Coap=1nF @Croap =10 nF
Soft TurnOff Scheme LRTO TLTO TLTO
Transient Voltage Rating/) 8000 4000 V 2500 V
Common Mode Transient ImmunifiV/us) 100 50 100 kV/us

Table3.3. Requiements for Gate Driver Power Supply

Parameter

X3M0016120K C3M0010090K

Positive Gate Drive Voltag@/)
Negative Gate Drive Voltag®/)
Gate ChargénC)
Required Drive Power per Device @ 250 ki)
GateDriver IC Power Requirement @250 kid/)

Power Required from Gaferiver Power SupplyW)

+15

-4

227

1.08

0.2

1.28

+15

-4

222

1.05

0.2

1.25
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Finally, due to the large dv/dt induced by the switching action of the device, leakage
current may travel through the isolation barakthe isolated power and disrupt the driving
logic signal[28]. Therefore, it is important to selabkeisolated power supply witasmall
isolation capacitance.

A list of commercial isolated power supplisshownin Table3.4. The dual output
isolated power supplR24P215030rom Recom was selected as#s thedesiredoutput
voltagelevels No further processing cirduy is required to split the output voltage into
the required levelsAlso, it has areasonably lowsolation capacitance of 10 pF,

Table3.4. List of Commercial Isolated Power Supplies

MGJ2D241505SC R24P21503D THB 3-2415

Manufacturer Murata Recom Traco Power
Package 7-SIP 7-SIP DIP-24
Min. Input Voltage(V) 21.6 21.6 18
Max. Input VoltaggV) 26.4 26.4 36
Nom. Input Voltag€V) 24 24 24
Output Powe(W) 2 2 3
Numberof Output 2 2 1
Ch. 1 Output Voltag€V) 15 15 24
Ch. 2 Output Voltag€V) -5 -3 N/A
Ch. 1 Output Curren(mA) 80 93 125
Ch. 2 Output CurrenfmA) 40 185 N/A
Efficiency (%) 80.5(typ.) 82 (typ.) 84 (typ.)
Operating Temp(°C) -40 to 100 -40 to 95 -40 to 85
Isolation Votage(kV) 5.2 5.2 4.8
Isolation Capacitanc@F) 2.7 (typ.) 10 (max.) 13 (max.)
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The potential shottircuit conditions for the device aadsoconsidered during the
gatedriver designprocess There are twgotential cases undewhich a shortcircuit
condition can occurf29]. One of whichis commonly refeed t o as #Af ault un
(FUL), wherethe load is shorted out while the device is still conducfiigg othercase
involves the device turningontoformashort r cui t and i s commonly r
s wi t ¢ h eldndef laoth Ishiomircuit conditions, the device is subjected both large
voltage across itdrain and sourcterminak while alarge currents flowing along it. The
resulting thermal dissipation couttestroy the device. Therefgrie is importan that the
gatedriver circuitry is designetb detecdeviceshortcircuit conditionsn a timely manner
ard perform the necessary shutdown sequence

For fault under loadthe MOSFET isinitially turnedon and conductindoad
current Theload isthenshortedout andthe currenflowing through the devicancreases
rapidly, pulling the MOSFET into the saturation regidhe voltage across the drain and
source terminals wouldise This dv/dt inducesa current flowing along the Miller
capacitancehat increases the voltage across the gatksource terminal This voltage
hasa dominant effect on the current flowing through the device in the saturagam.
Hence the shoitircuit current increases with the gate to source voltaberise of the
voltage acrosshe drain and source terminals would eventually taperandthe gate
voltagewould thendecrease fim its peak valueConsequentlythe shorcircuit curren
would reach a value datmined by the characteristics of the device.

Underhard switched faultthe full DGbus voltage appesacross the MOSFET
devicebefore it is turned on. When the MOSFET is turned on, its drain current increases

at a rate influenced lhejunction capacitansandthe slew rate of the gatiriver output
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A drop below the Débus voltagevould thenappearcross the drain and source termipals
due to thestray resistiveand inductiveelementsn the commutatiopath The shorgircuit
current is removed when the MOSFET is turned off.

Under hareswitched fault conditions, thdv/dt appearing across the drain and
source terminals of the devitend to beelatively small So there s almost ncadditional
increase in thesoltage across the gate and source terminals due to the Miller. effect
Thereforethe peakmagnitudeof shortcircuit current undehard switched fault condition
tend to be smaller than the ameder faultunder load condition

Under bothshortcircuit conditions the MOSFET devices nolongeroperatingn
the linear regim but enters the saturatiomode instead. Therefore,the desaturation
detection techniques ustaldetermine the aurrence of shottircuit conditionsof IGBTSs
can also be used for MOSFETSs.

The high-level implementation of desaturation detection circoyt in - most
commercial gat@river ICs isshown inFigure3.2. The dode Dhesat blocks the DC bus
voltage when the device is in its off stdtes essential that this diode has a low junction
capacitance and small reverse recovery time.

During turnon transients of the freewheeling diode that is in parallel with the
MOSFET device, a negative voltage can appear across the DESAT pin and ground
reference of the gatdriver IC. A relatively large current could flow out of the DESAT pin
and damage the gatiiver IC. The resistor htsaris thenselected to limit the currentalv

under this condition.
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The ZenerdiodeDz provides an additional voltage drdfz in series with Desat
such that the effective threshold for the voltage Mhder shorcircuit conditions can be
adjustedThe resulting voltage across the DES@iM is given by(19).

W W 0w W W (19

GateDriver IC

|
l
PWM Vp Vpz
—<>—>}!{—> < DESAT WVEE IR P
]

' Desat]IDESAT®GND2 VDESAT"FCDF:ZifAT Daesar "Dz
>—>RESET | Switch v
DD2
) } { LOGIC $ s
I [— .
FAULT 3 _
D }l{ —b_ e M E:_VDS
e RG,EXT -
I 4|“_V
I Ve
I v

Figure3.2. High-level diagram for deat detection circuitry.

A signaltiming diagram during a shedircuit eventwith the selected gatdriver
IC (ADuM4136)is shown inFigure3.3. Initially, whenthe PWM input to the gatdrive
IC is low, the output is also lowhedesatswitch isconductinghence a negligible voltage
appears at thBESAT pin.Both FAULT and RESET signals are pulledin

When thanput to the gate driver changes from the initial low state to a high state,
the output also changes from low tglmi After a delayps, peLay 0f 300ns, the desat switch
turns on. The current from the constant current sowiea flows into the MOSFET
device.

When a shortircuit event occurs, the MOSFET device enters the saturation region
and the voltage across its drain and source terminalstslrt to rise. When the sum opy/
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and the voltage drop across thenerdiode exceeds the voltage at the DESAT pin, the
diodeDpesar would be reverse biased angtdarwill flow into Cpesarinstead. The time
Terank for which it takes to chargedgsaris given by(20).

0 W

-
—5 (20

After this blankng time TeLank haspassed, the capacit®besatis charged to the
threshold voltage Y. The output of the gatdriver IC then goes to low regardless of the
input with a propagation dela¥pesar, pHL that is less than 30@s. The minimum time
between the occurrence of a shartuit event and the gatdriver IC changingts output
to low is given by(21).

Y Y Y Y R (21

There is a minimum delayrErorTOf 2 pus from the time Yesarexceeds V4 and
the time when FAULT pin is pulled low by the gataver IC. Therdore, the minimum
time between the occurrence of a skwrtuit event and thaotification being sent to the
system controlleis given by(22).

Y i Y Y Y (22

To resume normal operation after the FAULT sighas beerpulled low. The
RESET pin needs to be pulled low formanimum duration keserto clear the FAULT
flag. After the FAULT fhg is cleared and RESET signal goes back to high, the gate driver

IC assumes normal operation where the driver output follows the PWM input.
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Figure3.3. General timing diagram for desat detection circuitry.
The effect of crosstalk introducelly the fast dv/dt transition of the devicalso
need to be consider§80]. The switching sequence for a singlease leg with load current
flowing out of the phaséeqg is illustrated irFigure3.4.
Initially, the lower device is off and upper device is carrying the load current, the
full bus voltage is applied across the lower dewltbenthe upper device is being turned
off, there is a Wdt appearing acrogke drain and source terminals of ba#wvices The

voltage across the upper devitges andwhile thevoltage across lower devifalls. The
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negative dv/dt across the lower device induces ntiffew along itsMiller capacitance
This current ign a direction such that the voltage across the gate and source terminal
become more negativeThe voltage appearing across the gate to source terminal of the
lower device is give by(23). The voltage drop¥reLext, VRGL,INT, Vics,Lare positive and
Vic,L is negativelf theratedminimumvoltage across the gate and source terminal of the
deviceis exceede, the device may get overstressed and fail.

Wi oWR W o W W i WR (23

The output capacitance of upper deviben gets fuly charged and the output
capacitance of bottom device gets fully discharged. The freewheeling diode in the lower
devicecarriesthe load currentThe load current woulflow through thdower MOSFET
when it is turned on.

When the lover MOSFET igurned off, assuming the load current is still flowing
out of the phasteg, the freewheeling diode of the lower device wocddry the load
current. As no dv/dt occured during this transition the upper device experiences no
crosstalkrelated phenomenon

During the turron transition of theipper devicethe voltage acrosssidrain and
source terminals falland there is a dv/dt appearing across both devidesdv/dt across
the lower device is positive. This induces a current flowingalitss Miller capacitance
such thatthe voltage across the gate and source termbedemesmore positive. The
voltage across gate to source terminal ofdker device during this instanceaksogiven
by (23). However, it is worth noting that the polarity of the some of the voltage drops in
the gateloop is reversg The voltage drops MLexT, VRGLINT, ViGs,Lare negative and

Ve, is positive.lf this voltagewerehigher thanhe turron threshold of the lower device,
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then a shoethrough would occur, resulting in a large amount of current to flow through
both the upper and lower devices. This current may result in heat dissipation large enough
to destroy the devices.

The explanation above describes the occurrefi@eosstalk relateghenomenon
for boththe uppemndlower devicsin a single phaskeg. There are two pettial causes
of failure relating to crosstalk. Both are occurring in a device while the its dedicated driver
out put i s provi di nAgnegativd do/dicrass theLd®M® indacasg n a |
current flowing through the Miller capacitansech that the voltage across the gate and
source terminalbecomesnore negativeThis couldplace a large stress on the device. A
positive dv/dtacross the device induces a current flowing througiiMitler capacitance
that makes the voltage across the gate and source terminal of the destcenemore
positive. If this voltage exceeds theriton threshold of thelevice,thenboth devices in
the phaeleg would conduct. The resulting shdbtough currentflowing along the
devices mayresultin excessive thermal dissipatianddestroy the device.

It is worth noting that during steady state operation of the CLLC converter, ZVS is
achieved. This means that both the top and bottom device wouldnafier the voltage
across it has reached ze#s a result, the devisesshould not experience shetbirough
caused by crosstalk. Whether the device will be damaged due to its gate tovetiagme

reachingoelow the negative limit shall be verifieth double pulse testg.
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Figure 3.4. Circuit diagram illustrating crosstalk phenomenon with load cuftewing
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It is also worthwhile to calculate the peak gate current in the gatédatgiermine
whether a current booster circuit is requirelally, the addition of current booster circuit
should be avoided based on several reagorss, the introduction of current booster circuit
increases the board space and component clouatdition an extra stage between the
switching signal generator (typically the system controller) and the switching aemite
induceadditional delgs. Finally, current booster circuits do not interface well with the
internal softshutdown mehanism ofmost commercially availablgatedriverICs. Current
booster circuits that are based on MOSFET tepehe circuitscannot be used to interface
with large esistance turoff (LRTO) or (two level turroff (TLTO) softshutdown
mechanismsBJT-based current boosters do not interface well with LRTO based soft
shutdown mechanisnj2s]

The formulae used toalculatethe peak current in the galt®op during turron and
turn-off transitions are given b§24) and(25) respectivelyThe resultingpeak gate current
with 3 Y external g Bable3.5. 1t ean bheshoanthe peak carret ut | i ne
is smaller than the rated 4 A. hence no external booster circuit is required.

The gate driver for the overabnverter follows a modular architecture where each
device would get its dedicated modular gatiwer boardTherefore, there are 8 gadever
boards per converter assemltiyectrical connection between the gdtéver boards and
the devices in the pav stage boardsre madevhen they are pluggedhe 3D rendering

of the modulargatedriver board is shown iRigure3.5.

K Yo 24

q:l '*Y i 'Y i 'Y ﬁ ( )
3 Yo )
O Y R Y i Y i (25)
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Table3.5. Calculation of required gatdriver peak current capability.

Parameter X3M0016120K C3M0010090K
Internal Gate Resistandg,int (Y) 3.0 1.6
External Gate Resistancey & (Y) 1.5 3.0
Turnon Gate DriveResistanceRpr,on(Y) 0.318 0.318
Turn-off Gate Diver ResistanceRpro (Y) 0.417 0.417
Peak Turron Gate Curren(A) 3.74 3.66
Peak Turroff Gate Curent (A) 3.66 3.59

GDB_Rev_1.0 09.,01,2017 1 A
. U3 :

1.08
inch

L3 2
1 IS& C1

(i ] (o[-

Ci10

1.41inch

Figure3.5. 3D rendering ofnodulargatedriver board.

3.2 Power Stage Layout

The actual layout of thegwer stage has a significant impact on a@rter
operation. A singlphase leg witithe associatedtray inductancelementds shown in
Figure3.6. The inductance 4 represents the sum of the stray inductandie DC link
capacitor G¢ connectionsanddrain terminalbf the device The inductance & represents
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the stray inductancassociated wih theconnection betweethe source pirof the upper
device and the phaskeg output. The inductance 4z represents thestray inductarce
associated with the connection betweeain terminal othelower device and the phase

leg output Thesestray inducance elementssaociated with a phagdeg all contribute to

an induced voltage overshoot during device ofifn If the overshoot is large enough, it
could potentially destroy the devicEhe magnitude othis overshoot is related to the
productof the stray inductance in the commutation path and the rate of change of current
during device turroff. Given that the turoff transition occurs very fast for SIC MOSFET
switching at high frequencies, it irucial to minimize the stray inddance in the

commutation path during the layout of the power stage PCB.

Ls
Upper
Device

Lo

—t CDC
Lss
lLoan ()

Lower
Device

Figure3.6. Single phaséeg with stray inductance in the commutation path.

The PCB layout of the power stage with all the copper layers visible is shown in
Figure3.7. It can be observeitthat for each phadeg, the source terminal of the top device
is placed very close to the drain terminal of the bottom device widgdoneto minimize
the stray inductancestand Lsa

As shown inFigure 3.8, large copper planes are utilized foDC+ and DC

connections over multiple layers. These cogp@nesare overlapped against each otiwer
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emulate a laminated bustructure This arrangement minimizes the loop area in the
commutation ptn, which in turns minimizes the stray inductange L

The 3D rendering of the converter assembly is shown in Figure 3.1lwititie
and length of theompleted assemblgre8.02 inchand 7.51 inchrespectively The 3D
rendeing of the converter assemblyith the modulargatedriver boards plugged in is

shown inFigure3.10.

Phasélteg A Snubbéf! [']"

Decouphng

Figure3.7. Power stage layout with dthyersshown
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Figure3.9. 3D rendering of converter assembly vattigatedriver board.
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Figure3.10. 3D rendering of converter assembly with modular-giaiteer boards.

55



Chapter4dEx per amemesting for CLLC R

Converter

4.1Double Pulse Teshg

Before fully assembling the CLL@sonantconverter, it is prudent to perform
double pulse temg using the powestage andanodular gatedriver boards. Double f&e
testingserveanultiple purposedt verifies theproper operation of eagdower stage board
andmodulbr gatedriver boardunderthefull DC bus voltage. Additionallyan assessment
onwhetherthere is excessive stray inductance in the commutation path can belimade.
allows thedesign and aemblyof the power stage and gate driver boards to be verified
independent of the CLLC resonant taflonsequentlythe hardwaretesting process is
carried out in a methodical mann&ny design or assembly erroanthenbe identified at
a much earlier staga the hardware development process.

The highlevel diagamfor double pulse testg is shown inFigure4.1. The PWM
signals used to control the devices are fed into the adaptor boandas&form generator.
The driving signal for the top device will be keptataconstagi ¢ AL OWO such th
top device will remain off throughout the duration of the test. This way only the
freewheeling diode of the top devican conduct the current along the load inductor while
the bottom device is off.

The 24V DC from the Agilent power supply is also fed into the adaptor board. An
onboard DC/DC converter generates\aBC rail that is used to power the logic circuitry

on the modular gate driver boardsis along with the 2% DC rail and the PWM signals
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are distributedamong the modular gate driver boards for each devieeribbon cable
connectios.

A single phaseleg on the power stage board is populated with the device to be
tested.Both phaselegs on tle power stage boarare laid out in a symmetrical nature
Therefore, it shoulthe sufficiento testonly one of theophaselegs for verification ofgate
driver operation and device switching behavidre DChus voltage is provideoly a high
voltage DC power supplywhich can supplythe maximum bus voltage designated for

converter operation.

Agilent E3631A

DC Power Supply TDK-Lambda

ALE 8022
DC Power Supply

4

Modular Gate Vpe

) . Top i
Ribbon Device |
Cable — LL d
CoNNECti O Nyt z oa
........... ry Inducto
VGStop

= Y lpspot Bulk —
Bottom Capacito™ T

Modular Gate

1 3 3 H '_
Driver Board  —pi , ig— Device [ +
I . Vbspot

- Tektronix AFG3102C
Waveform Generator

Figure4.1l. High-level diagramfor double pulse test.
The physical test setup for the double pulse test is shofigume4.2. Test points
wereadded to the otuit boardas shown irFigure4.3 to minimizethe strayinductancen
the measurement lodpr the passive probe$he instrumentation dhe Rogowski coil for

measuring the load inductor current is showFRigure4.4.
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Board Load
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TPRO850
Passive Probe

TPPLOOO
* Passive Probe

Figure4.3. Physical setup for double el test highlighting thpassive voltage probes.
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PEM CWT Mini
Rogowski Coll

Figure4.4. Physical setup for doubbpulse test highlighting tHeogowski coil.

The instrumentation summary for the double pulse test is outlinEabie2.2 and
considerationsutlined in[31] weremade.A probe bandwidth higher than the bandwidth
of the signalwould be sufficiento fully capture the magnitude informatiddowever,an
accuratecaptureof the phase informatiorequires gorobebandwidth that isat least ten
times the bandwidth of the signdlhe signal badwidth is estimated usintpe formula
given by(26).

I 1
66 — (26)

The probe instrumentation setup for the double pulse test is outlifedias.1.
All the probeshadbandwidh exceedingen times the signal bandwidtexcept forthe
Rogowski coi] which wasused to measurée current flaving along thebottom device

For thecurrent flowingalong thebottom device the probe bandwidth is barely

higher than the signal bandwidth. Tineantwhile accurate magnitude informatiavas
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captured, it is unlikely thatcaurate phase informationas captured. As a result, the
switching energydata derivedrom postprocessing the results of tl¥PT would bea
gualitative measurenstead of quantitativeA current shunt woulde more suitablan
accurately capturing the magnitude and phase of the device drain ¢8fjemiowever,
the lack of available space on the powtrge boat prevents it from being integrated into
the testing setupNevertheless, dold pulse testing is still a crucial stage in the overall
hardware testing process due to the reasons previously mentioned in this chapter.

Selecting the right oscilloscope is @lsrucial in terms of capturing both the
magnitude and phase information dfetmeasured signals accurately. Similar to the
requirement for the probes, the bandwidth of the oscilloscastbe at least ten times the
bandwidth of the signal being neaed.The required sampling rate of the oscilloscope
depends on the interpolation method usedlitfear interpolation method is used, then the
sampling rate of the oscilloscopeedsto be at least ten times the bandwidth of the
measured signal. Bimeasuredignal with the highest bandwidih the DPT setugs the
voltage across the draamdsourceerminalsof the bottom device, which has an estimated
bandwidth of 20.8MHz. Therefore, the required minum bandwidth and sampling rate
of the oscilloscope are 206 MHz and 206 MS/s respectively. The oscilloscthy@EDPT
setupis MS05104B from Tektronix, which has a bandwidth and sampling rate of 1 GHz
and 10 GS/s respectively

The test parameters including pulse duration, maximum DC bus vddtagiéoad
inductor values are outlined rable4.2. The pulse durations are selected such that
off currentexceeding the expecte@luesare testedat thespecifiedmaximum DC bus

voltage.
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Table4.1. Probe instrumentatiolor double pulse test.

Peak Rise Signal Equibment
Measured Time, Bandwidth Probe Bgn dpwi dth
Value tr BW
TPP1000
VGs,BoT <20V 229ns 15.3MHz Passive Prob 1 GHz
TPP0850
Vbs,got <1l2kVv 17ns 20.6 VHz Passive Prob: 800 MHz
PEM CWT
Mini
Ip,soT <30A 20ns  17.5 MHz Rogowski 20 MHz
Coil
PEM CWT
IL <30A 19us 250 kHz Mint 20 MHz
Rogowski
Coil
Table4.2. Parameters for double pulse test.
Device X3M0016120K C3M0010090K
Maximum DC Bus Voltageinder Tes{V) 800 600
Simulated Peak Turoff Current(A) 15.4 231
Peak Turroff Current under Tegid) 30 30
Durationfor First Pulset: (us) 1.9 1.9
Pulse Duratiorior Second Pulsés (1s) 1 1.9
Load Inductor ValuduH) 60 60

The experimental waveforms for the double pulse test peermon
C3M0010090Kunder different DC bus voltage and external gate resistance are shown in
Figure4.5 thru Figure4.16.

The experimental waveforms for the double pulse test perforroed
X3M0016120Kunder different DC bus voltage and external gate resistance are shown in

Figure4.17 thru Figure4.28.
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Figure 4.5. DPT waveforms foC3M0010090Kwi t h 1. 5Y external gate

200V DC bus for (1)lp, sot (5 A/div), (2) Vs, Bot, (3) IL (5 A/div), and(4) Vs, or.
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Figure 4.6. DPT waveforms folC3M0010090Kwi t h 1. 5Y external gate
400V DC bus for (1)lp, sot (10 A/div), (2) Vas, soT, (3) I (10 A/div), and (4)Vps, sor.
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Figure4.7. DPT waveforms foC3M0010090Kwi t h 1. 5Y external gate

600V DC bus for (1)lp, sot (L0 A/div), (2) Vs, sot (3) I (LOA/div), and (3 Vos, gor.
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Figure4.8. DPT waveforms foE3M0010090Kvi t h 3Y external Vgate res
DC bus or (1) Ip, ot (L0 A/div), (2) Vas, ot (3) IL (10A/div), and (4)Vps, BorT.
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Figure4.9. DPT waveforms foC3M0010090kwvi t h 3Y external Vgate res

DC bus for (L)p, ot (L0 A/div), (2) Vas, ot (3) IL (L0A/div), and (4)Vps, BorT.
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Figure 4.10. DPT waveforms foC3M0010090Kwi t h 3Y ext ernal gat e
600V DC bus for (1)lo, sor (L0 A/div), (2) Ves, eot (3) I (L0A/div), and (4)Vos, sor.
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Figure 4.11. DPT waveforms foC3M0010090Kwi t h 4Y ext ernal gat e

200V DC bus for (1)Ip, ot (L0 A/div), (2) Vs, Bo (3) IL (10A/div), and (4)Vps, sor.
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Figure 4.17. DPT waveformsfor X3M0016120Kwith 3Y e xt er nal gate r esi

200V DC bus for (1)lp, sot (5 A/div), (2) Vs, Bot, (3) I (5 A/div), and (4)Vps, Bor.
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Figure420. DPT waveforms for X3M0016120K with 3V
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Figure 4.21. DPT waveforms for X3M016120K with4Y e xt er nal gate resi
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Figure 4.22. DPT waveforms for X3M0016120K withY e xt er nal gate r es i
400V DC bus for (1)lp, sot (L0 A/div), (2) Vs, sot, (3) I (L0A/div), and (4)Vos, sor.
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Figure 4.23. DPT waveforms for X3M0016120K withY e xt er nal gate r esi

600V DC bus for(1) Ip, ot (L0 A/div), (2) Vs, Bot, (3) IL (10A/div), and (4)Vps, eorT.
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Figure 4.24. DPT waveforms for X3M0016120K withY e xt er nal gate r esi
800V DC bus for (1)lp, ot (L0 A/div), (2) Vas, ot (3) I (L0A/div), and (4)Vps, BorT.
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Figure 4.25. DPT waveforms for XBI0016120K with6Y e xt er nal gate r esi

200V DC bus for (1)Ip, ot (L0 A/div), (2) Vs, Bo (3) IL (10A/div), and (4)Vps, sor.
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Figure 4.26. DPT waveforms for X3M0016120K withY e xt er nal gate r esi
400V DC bus for (1)lp, sot (L0 A/div), (2) Vs, sot, (3) I (L0A/div), and (4)Vos, sor.
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Figure 4.27. DPT waveforms for X3M0016120K withY e xt er nal gate r esi

600V DC bus for (1)lp, ot (L0 A/div), (2) Vs, Bot, (3) I (L0A/div), and (4)Vps, eorT.
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Figure4.28. DPT waveforms for X3M0016120K wilY e xt er nal ag8dOtve r esi st
DC bus for ()b, sor (L0 A/div), (2) Ves, sot (3) IL (L0 A/div), and (4)Vps, sor.
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4.2250 kHz CLLC Resonant Converter Test

The physical unit for the isolatiortransformerused in the CLLC converter
assemblys shown inFigure4.29. The circuit diagram for the actual converter setoger
forward mode operation and reverse mode operatioshawn inFigure4.30 andFigure

4.31 respectivelyThe canponent valuefor the converter setup aoeitlined inTable4.3.

Figure4.29. Isolation tansformer used in CLLC converter assembly.

Converter Assembly
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Figure4.30. Circuit diagram for actual converter testing s€fopward mode)
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Converter Assembly

%EI— G ilé— £ TG Transformer O T % _éli Sa k) é—s&
Ciall, | nl L, 1 C2a
\-}-HR" b : ! Gonub2 'EQZ) =GOV,
= L S == i | NUB2=="-Dec2 T 2
Vi GocrT CoectfTT Gonund G L | . G, ]
Dy D, I T i 3 D:
EEI—“ TG il;— £ TG GT & —I:.'I§ G z:—léii

Figure4.31. Circuit diagram for actual converter testing setup (reverse mode).

Table4.3. Summary of component values for actual CLLC converter setup.

Parameter Value

PrimarySide Device S, &, S, & X3M0016120K

Secondangide Device S, S, S, Se C3M0010090K
Magnetizing Inductance (referred Roimaryside),Lm 50.4 yH

Primary to Secondarjransformer Turns Ratim, 1.5

Primary Side Leakage Inductante, 139 nH
Primary Side Leakage Inductante; 102 nH
Primary Side Resonant CapacitGr;,a 4.29 uF
Primary Side Resonant CapacitG, b 4.29 uF
Secondary Side Resonant Capaci@sa 5.61 uF
Secondary Side Resonant Capaci@sy 5.61 uF
Primary Side Snubber CapacitQgub,1 0.3 uF
Primary Side Decoupling Capacit@pec,1 7.5 uF
Primary Side DELink CapacitorCpc,1 100 pF
Secondary Side Snubber CapacitGgnub,2 0.3 uF
Secondanside Decoupling Capacita€pec,2 7.5 uF
Secondanside DGLink CapacitorCpc,2 300 pF
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The experimental setup for CLLC converter testing is showigare 4.32. A
waveform generator generates the required switching signals, atgctunning at 250
kHz with 250 ns deadtim&hese PWM signals asent tathe adaptor board and distributed
among the eight modulagatedriver boards in the converter assembly along with the
auxiliary 24V and 5 Vrailsrequired to power the gatiiver circuitry.

The equivalent volume of the converter assembly used to calculate the power
density is8.02 inch x9.50 inch x 4.10 inchThe dimensions of the DC fans were included
in the calculation of this equivalent volumidowever, the dimensions of the Bi@k
capacitos on both the primary and secondary side were not included. This can be justified
by the facthat in a bidirectional power distribution system, the I capacitor typically
resides within the assembly for the nonisolated AC/DC and DC/DC convétiense
these capacitoi@e not counted as part of the DC transformbe resulting power dengit
is 78 WIir?.

The zoomed in converter waveforms under 5 kW durintu®roff transition and
S turnon transition are shown iRigure 4.33 and Figure 4.34 respectively. It can be
observed that the drain to source voltage acrgs¥dS sz rises to the DC bus voltage of
800 V before ®is turned on and falls to zero beforgiSturned on. Therefore, ZVS is
achieved.lt is also worth notig that everthough the optimal deadtime for 250 kHz
switching was determined to B0 ns. The oscillation in the transformer winding current
increasd the actual required deadtinteme to 250 nsHowever,this should increase the
total conduction loss in theedices by no more tharDIW as predicted by the curve in

Figure2.12.
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The converter waveforms at different power levels under forward mode operation
are shown irFigure 4.35 thru Figure 4.39. The converter waveforms at different power

levels under reverse mode operation are shovAigre4.40 thru Figure4.44.

~ ) )

Oscilloscope .

ES
Y B R

.

Power
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Figure4.32. Testing setugor 25 kW CLLC converter.
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Figure4.33. Zoomed inCLLC converter waveform under 5 kW lo&drward mode)for

(1) 1, (10A/div), (2) Vs, s, (3) Ves, 2,and (4)Vas, 2.
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Figure4.34. Zoomed inCLLC conveter waveform under 5 kW loadorward mode)Yor

(1) Ir (LOA/div), (2) Gate to source voltadéss, s (3) Ves, 2and (4 Vs, 2.
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Figure 4.35. CLLC converterwaveform under 5 kW loadforward mode)for (1)

lp (LOA/div), (2) Ves, s, (3) Ves, 2, and (4) § (20 A/div).
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Figure 4.36. CLLC converterwaveform under 10 kW loa¢forward mode)for (1) Ip
(15A /div), (2)Vas, o1, (3) Vas, 2,and (4) § (30 A /div).
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Figure 4.37. CLLC converter waveform under 15 kW logtbrward mode)for (1) Ip

(40 A/div), (2) Vs, (3) Ves, 2and (4) & (40 A/div).
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Figure 4.38. CLLC converter waveform under 20 kW logtbrward mode)for (1) Ip
(50 A/div), (2)Ves 4(3) Ves, 2and (4) & (50 A/div).
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Figure 4.39. CLLC converter waveform under 25 kW lodgtbrward mode)for (1) Ip

(50 A/div), (2) Gate to source voltadkss, s+(3) Ves, 2and (4) & (60 A/div).
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Figure 4.40. CLLC converter wavieorm under 9 kW load (reverse mode) for (3) |

(20 A/div), (2) Ves, s, (3) Vs, s and (4) & (30 A/div).
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Figure 4.41. CLLC converter waveform under 11 kW load (reverse mode) for (1)

(30 A/div), (2) Ves, %, (3) Ves, s, and (4) § (30A/div).
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Figure 4.42. CLLC converter waveform under 14 kW load (reverse mode) for 1)
(30 A/div), (2) Ves, 5(3) Ves, sand (4) & (30 A/div).
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Figure 4.43. CLLC converter waveform under 18 kW load (reverse mode) for (1)
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(40 A/div), (2) Ves, 5(3) Ves, sand (4) & (40 A/div).
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Figure 4.44. CLLC converter waveform under 25 kW logceverse modejor (1) Ip
(50 A/div), (2) Vesss, (3) Ves,ssand (4) (50 A/div).
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The converter efficiency at different output power is showiigre4.45. A peak
efficiency of 98.3% at 15 kW isieasuredinderforward modeoperation, with a recorded
full load efficiency of 98.1% at 25 kWnder reverse mode operationpeak efficiency
of 98.8%is measuredt 17.8 kW Thefull load efficiencyat 25 kWunderreverse mode
operation i98.5%.The power analyzer setup used to measure the congtitegncy was
verified. Therefore the difference in the efficiency values betwderward and revere
modes are most likely contributed by the diffeleno device characteristics between

X3M0016120KandC3M0010090K
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Figure4.45. ConverterEfficiency measurement at different output power level
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Chapter5Concl usi ons and Future

Galvanic isolation isypically required irbidirectional power distribution systems.
Traditionally, this isolation is achievedava linefrequency transformer, which tesi be
bulky andheavy However, die torecent advancements in wilandgap semiconductor
devices, bidirectional isolated DC/DC converters can be desighe possess high
efficiency and high power density. Consequently, the feasikditgchievethe required
galvanic isolation with these converters in a bidirectional power distribution system has
been drastically improved.

A survey of the latest generatioSIC MOSFEF® was performed. The key
parameters of thdevicesunder consideratiowere compared against each othewas
found that the most suitable deviagsderthe given specificationaere X3M0016120K
1.2k V1 6anch€C8M0010090K00 V 10m Y SiC MOSFEE from Wolfspeed

Two of the most commonly utilizedidirectional isolated DC/DC converter
topologies, dual active bridge and CLLC resonant converée thenintroduced. The
operating princife of these converter topologie®rediscussedA comparative analysis
between the two converter topologies focusing on total deviceviasalsoperformed. It
was foundhatunderthe given specificationshe CLLCresonantorverterhas lowettotal
device losscompared to the dual active bridge convederossa range of switching
frequencieslt was also determined that the total loss in the CLLC resonant canigerte
the lowest at 250 kHz when the loss in ig@ationtransformer were alsconsidered

A prototype for the CLLC converter has begasigned and assembled to operate

atarated power of 25 kW. Thiatendedswitching frequency fothe converter prototype
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is 250 kHz with 250 nsleadtime.Given the relatively high switching frequendiese
factorswere considered during the desgjageof the gate driver circuitry

1 Symmetry in the propagation delay of the gaditieer output

1 The rise and fall times of the gadeiver output

1 Common mode transient immunity

1 Isolation c@acitance of thesolated power suppiy the gate driver circuitry

1 Shortcircuit protection detectioand soft shutlown mechanisms in the

gatedriver circuitry

1 Peakcurrent in the gate loop

In terms of the layout fathe gate driver board and the power stage, the design
performed such thahe stay inductance ithe gate loo@mnd thecommutation pathvas
minimized.

Double pulse testingvas performed for bothX3M0016120K 1.2 kV and
C3M0010090K900 V MOSFETE underdifferent external gate resistance and DC bus
voltagevalues Both devicesvere tested up to 30 A twoff current, which is higher than
during theexpectegeak turroff current during converter operation under full loBcbm
the results of the double pulse tests, it can be found that thergage circuitry is
functional at the rated bus voltage and stry inductance in the commutation path is
small enough such that the voltage overshoot during devicetuisinot large enough to
damage the device.

The converter waveforms at different output power levels were camaedVSs
operation for the dewes were verifiedA peak efficiency of 98.3% dt5 kW ismeasured

underforward modeoperation, with a recorded full load efficiency of 98.1% at 25 kW
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Under reverse mode operationpeak efficiency of 98.8%s measuredt 17.8 kW The
full load efficiency at 25 kW underreverse mode operation 83.5%. The resulting
converter pwer density is 78 W/ih

In order to furthe extend the research in thasea the following topicsmay be
considered

1) Optimization of transformer design

The loss in thésolationtransformeiconstitute a significant portion of the tokags
in the CLLC resonant convertdro further increase the converterieféncy, the design of
the isolation transformer needs to be investigated furtfidre selection of appropriate
magnetic core materiabould help inminimizing the core lossAn investigation on the
optimalwinding arrangementsould provide insight omow to achievdurther reduction
in thewinding loss Additionally, it neeads to be determined whether integrating the required
inductancdor the CLLC resonant tarhkto the isolatioriransformemvould lead to optimal
converter efficiency and power density.

2) CLLC resonantonverter startip behavior

The CLLCresonantonverteris rarelya standalone systemA typical application
for this converter igo provide galvanic isolatiom a bidirectional power distribution
system The CLLC resonant tankn the converterwould imposea very low input
impedancealuring the system stadp segence Thereforethe devices could be subjected
to large current stresthat leadso converter failure. Astudy ondifferent systemlevel
control schem&could help to minimizer eliminate this potential failure mode.

3) Packagindor the silicon carbide devices
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