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Abstract A 300V to 600V 100 kW SiC MOSFET based Recently, due ttheir high efficiencyhigh power density
one-cell switched tank converter (STC) is developed as a andmodularity resonant switched captr convertershave
bidirectional dc-dc power transfer stage betweerthe vehicle been widelyinvestigated[7]1[9]. Besides, SiC MOSFET
battery and the DC-link side of the vehicledc-ac inverter. A power modules achieveetter performance compared with Si
continuous half-load 50 kW and Short-period full -load 100 kW Counterpartsespecia”y in hig”requency' highemperature
operation is targeted Working principles of the proposed g highpower operationfl0]. A boost based 6RW dc-dc
topology are analyzed.Design of the key components such as  ¢onyerterappliesCree 1200V 100 A SiC MOSFET power
SIC MOSFET power modules AC resonant capacitor and 4 lesto realize 20 kW/L power density[10]. But the

inductor is presented A 100 kW prototype has been assembled s . s o .
and tested An energy-efficient test platform is designed.The overall efficiencyis sacrificed bjnardswitching operation.

power density of the main power processing partis around By combining the advantages of SiC MOSFET power
41.7KWIL. The tested peakand full-load efficiendesare about ~ modules and STC, this paper develops a KM¥0300V to
98.7% and 97.35%, respectivelyThe thermal performancehas 00 Vv ZCS STCfor electric vehicle and hybrid electric
also been evaluated Both the tested electrical and thermal vehicle applicationsThe operation principg designof the
results areconsistent with the theoretical design. key componentsassembled prototypéesed electrical and

Keywords switched tank converter resonant switched thermalresults will bepresentedh the followingparts

capacitor converterSiC MOSFET,ZCS(zero current switching)
[I. DESIGN OF100kW ONE-CELL SICSTC

. INTRODUCTION Fig. 1 shows aonecell STC topology Two switchesS

The powertrains in electric vehicles and hybrid eIectricand $ are connected In series fo interface the input and

vehicles are equipped with a bidirectiodatdc converter to OUtpﬁ't \;]olffge_z. Tlhek_othek: p«’lsur of lswﬂcf&sand_d& formhs
interface the battery and the Digk side of 3phase inverter 'Ot %r ah ridgelinking t ek OWVO tagem%ut Sf' e to the

in the generator/motor systefh]. In a recent report from %rgggto.rz Znae?ggc?r?;n:aga elliitgrom?r?geDCObiaas (r)%onant
U.S. Department of Enerdg], by 2025the electric taction uals to\? While the DG kfias of_R. s 0 due to inductRor
drive system cost is expected to be lower than $2.7/kW, ang n R

the power density is supposed to exceed 100 kW/L based &qltagesecond. balance. Thus, the DC bias of the whole
the 100 KW power level. To achieve this goal, a prope esonant tank i¥,. As a result, the output voltagan be2

topology with optimized device and passive componen mejr\é}?gsglfggi\r)gn;agagtggﬁ 2\?\%&: are used to clamp
design should be delipated and experimentally verified 9 :

Boost converter[3] and its derivatives such as soft
switching boost topology[l], multi-phase interleaved o SZJ
versions[4] and isolated composite boost topoldg§y have -
been studied. A 4BW boost converter islesignedwith 6 |
kKW/L power density[3]. However, it suffers from low S
efficiency and bulky reactive components. A 269V
frequencyvariable, softswitching boost convertefl] is C S‘J Cx
investigated with 98% peak efficiency andk®//L power (_) '
density. 3phase boost topology is applied in a R®/ V.
bidirectional 320V to 600 V dc-dc converter inhybrid &J
electric vehicleg4]. However, the power density is only 2.7
kW/L and no efficiency is provided. Isolated composite Fig. 1: Proposed oneell STC topology
boost topology is applied in a 30W 200 V to 650 V
converter with 98.7% peakfficiency [5]. But both the The two equivalent circuits are presentedFig. 2(a) and
inductor and transformer sizes are not optimized. Anotheh), respectively In Fig. 2(a), when S, and & are ON,the
group is flying capacitor multilevel convertf]. A 30kW  resonant capacitoEr is charged and resonant inductay
converter with 8.612 kW/L power density and 97%stores energy.The currentlc: flowing through the C;
efficiency is shown ij6]. However, it is difficult to realize a capacitor has the same amplitude with load curten€;
compact design considering the separate locations of the D&eeps releasing its energy to the load. While the cutegnt

~

side resonant inductor and Agitle resonant capacitor. of the input capacitorCy, is negative to the reference
direction. Ci, releases the energy most of the tinreFig.
This work issponsoredy the Ford Motor Company amational 2(b), when & and S, are ON, he resonant capacitatg
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dischages together with theinput voltage source. The

resonant inductokLr releases energy. The resonant inductorg,
current has the same waveform with the switch curren 200

flowing throughS and S,. C; stores its energy most tie
time. Ci, keeps storing energy. The voltager of the
resonant capacitdZr is a DC voltage with a DC bias equal

to Vin. A voltage doubler is achieved by applying this simple

control into the proposed topology.
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(b): Equivalent circui@
Fig. 2: Two equivalent circuitéor theonecell STC

A. Design of Devices
Among theinvestigated devices with different voltage

ratings, 900 V Cree and 650 V Rohm SiC MOSFET achieve

relatively lower power loss. Howevethe 900 V Cree SiC

MOSFET power module is not available during the design

period. The current capability of 650 V Rohm SiC
MOSFETSs are limited. Thus multiple paralleled devices
with TO-247 packageare needed, which increaséotal
device volumeand induces ctrent imbalancessues[11].

Therefore Rohm and Cree 1200 V SiC MOSFET modules

with comparativelyhigher current capabilities aséudied

Fig. 3 shows the totabiC MOSFET power loss of five
1200 V SiC MOSFETpower modules at different output
power ratingswith 100 kHz switching frequency With
maximum2100 kW output power300 V input,600 V output
the lowest MOSFET power loss at full povierachieved by
Rohm 1200 V 600 A SiC modide

Higher switching frequency decreasethe magnetic
component sizebut introduces more AC loss. Considering
this tradeoff and the maximum frequency capiyp of
selected AgileSwitch® EDEM3-EconoDual gate drive
boards 100 kHz switching frequendyas beemlesigned.

B. Design of Resonant Capacitor

Both ceramic and film capacitors could be usedhe
high-frequency and high RMS currempplications The
multi-layer ceramic capacitors (MLCC) have higher power
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Fig. 3: Total MOSFET power loss comparison among different MOSFETs

density compared to film capacitors. Howevéecause
ceramicstend to beweak in tension, a cracis relatively
easily formed when excessive board flex is put on the
soldered MLCC[12]. Sgo, an electrical conduction between
the two electrodes wouldccur, which further progresss
towards a short circuit. Thereforedue to thse reliability
corcerns MLCCs are not preferred for the automotive power
electronic applicationsAs a result the film capacitors with
goodcurrent capability are considered.

Based on a summarization of high power resonant
capacitors from different companigh3], the polypropylene
film capacitorsof lllinois Capacitor® provides specifically
designed higiturrent, highfrequency resonant capacitors.
So all the highdensity resonant capacitors from this
company are studied, including LC1 ~ LC6, HC1 ~ HC6 and
HC3A, HC3B series. In each category, one type with highest
capacitance density, satisfying frequency range;ldati
peak voltage and current régments is selected-ig. 4
shows thecapacitance densigomparisonfrom which LC2
and LC3 series achieve higher capacitance density.
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Fig. 4: Capacitance density per unit volume comparison

The volume ofthe whole resonant tartken needs to be
further examinedSo, gmaller inductance is preferreéig.
5(a) shows the relationship between the required inductance
and total resonant capacitan@éth the practical size as well
as the design of core and windirmpnsidered 500 nH
maximum inductanceis designed. Correspondingly, the
minimum resonant capacitance is 5.066 @bnsidering the
power module and heatsink layout, the total capacitor
volume is designed below 0.3 Eig. 5(b) shows the trade
off between the total capacitance and ¢apacitorvolume.
The remaining candidates in the shaded area are compared in



Tablel, from which three 2.4 pF LC2 and three 2.6 pF LC3 1) Winding Design

are preferable due to smaller required inductance. One-turn windingis desigred to keep théC inductor in
= 3000 1 the similar height with AC capacitors, power module,
ST 2500 Resonani heatsink, and DC sideo thatthe spaces fully used Multi-
g%zooo | frequency layer copper foil AC busbar igtilized for this highcurrent
=2 1500 100kHz high-frequency winding. By distributing current through
g % 1000 multiple layers, this arrangement reduces AC loss caused by
;’.)-.é 500 | skin effect.Skin depthtiis calculatedn Eq. @) [15][16].
gE
% 2 4'6 8 10 12 a={ /( ») @)
Total capacitanc@ F) Where,f is the AC frequency. The copper resistivjty _
(a): Required resonant inductance versus total capacitance and permeabilityn are 1.76x16 Y Am, 1°HBn71 10
05 respectively. At 100 kHz, the skin depth for copper is
5 ° *HC3-HC2-HC4 calculated as 0.211 mm. So, the copperriotl thickerthan
'§30-4 HC6 LC%’LCZ L 0.211 mmis selected. To further design the copper cross
9@ 03 — section area and number of layers, the current deissity
SEqo ! evaluatedFor theoneturn winding design, current density is
g9 o1 recommended as 5.167 A/Mimto avoid excessive
S 3 temperature ris¢l7]. BecauseAC RMS current value is
00 2 4 6 8 10 12 370.24 A and the crossection area of selected olager
Total capacitancé F) copper foil is 7.112 md total number of layerss
(370.24/5.167) / (layerlicopper Zollid . Th

(b): Total capacitor volume versus total capacitance . .
applied. The total crossection area of AC busb&ic susbar

Fig. 5: Capacitor evaluation based on required inductance and total volumgs 71.12 mmA Its assemblys shown inFig. 7.

TABLE |: COMPARISONAMONG PROSPECTIVECAPACITORS e .
s To
RMS To“'g w

Total Total RMS voltage ir?deuqcl:;r?ge Resonant ) ) ,\P/lov(\j’elr
Series | capacitance | volume | voltage | capability ; e 4 — odule

(F) L W) 2t 100kH, | at100kHz Capacitors- ﬂ ! ~

) (nH) -

HC2 5.32 0.24 | 319.79 500 476.13 o
HC4 52 0.22 | 320.69 500 487.12 Fig. 7: AC busbar assembly
HC6 5.2 0.22 | 320.69 600 487.12 _
LC3 7.2 0.27 | 310.96 410 351.81 2) Core Design
LC2 52 017 | 320.69 350 487.12 To selectan appropriate cor@, smallcore loss densitis
LC2 7.8 0.26 | 309.36 350 324.75

preferred Powder and ferrite cores from major magnetic
Neverthelessthe polypropylene film capacitor voltage manufacturers areinvestigated The core loss density
rating drops at higher switching frequency, because of thequation of CSC cores and Hitachi soft ferrite cores is in Eq.
heat generated Wyigh frequencyAC loss[14]. Thus, a safe (2) [18][19]. For Hitachi HLM50 amorphous powder core,
margin is requiredbetween the fulload peak voltage and Magnetics powder, ferrite corgsis in Eq. @) [20]i [22].
maximum voltage capability aftefO0 kHzderating.Fig. 6 . - ; 2
shows voltage derating with the resonant frequency of R =(K, ® kg f'P(B, P 2
selected film capacitors. The margiipetween the fulload R=a®.) (9O 3

voltage peak and the maximum voltage capability for the \yhere Py is core loss densitkW/md). f is the fre
. 4 , . guency
LC2 andLC3 seriesareabout 41 Vand100 V, respectively. (kHz). Ky, is the hysteresis loss efficierie is the eddy

Therefore three 2.4 pF LC3 capacitoasefinalized. current loss efficienty is an exponent close to 2.

1000 Fig. 8 shows thecore loss densitgomparisonat 100
< kHz. Hitachi soft ferrite core ML29D is finalizdaecausef
Z smaller core loss density in the 0.1 ~ 1 T flux density range.
& 100_HC6 (2.6rF) E-shaped cores atargetedowing to simpler assembly
g HCA4 (2.6rF), LC4 (2.6rF) and more cosgffective solutions compared with pot cores
£ Hgg (2'4”:)’ LC3(24rF) [23]. Fig. 9 shows a typical Eore dimensionDue to the
> ECZ (2':3”':) length constraints of the heatsink and SiC modulés fixed
g —Lo6 52'6”?) as 152.4 mmConstrained by therototypeheight, b, is 15
@ 10 . mm. From aplanar E coreeference desigii5][24], the core

10 Frequ%%%;(kHz) 100¢ heightb;, is the sum ob; andU.

To achieve desired inductance, core cigEstion ared\e
and air gap lengthy arerestricted byeq. @) [25].

C. Design of Resonant Inductor L:(Nz @L)/g|g/,73) (k/ )

With above 7.2 pF resonant capacitarssel 100 kHz
resonant frequenagesign, the resonant inductance is 351.8]the
nH. The windingcore desigaaredescribedelow.

Fig. 6: Voltage derating curves for HC and LC series capacitors

4
Where,N is number of turnsplo, pc are permeability of
free space and core, respectiviglis air gap lengthlc is
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Fig. 8: Core loss density comparison at 100 kHz frequency
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Fig. 9: E core dimensionfer the resonant inductor core shape design
theequivalent magnetic path length as shown in &Jj26].

I,=2(a,/2 -2 21} b, ©)
Due to winding insulationrequirement the window
utilization factor K, should be less than 0.65 for low voltage
foil inductor desigrji27], as shown in Eq6}.

Ku = AAC_ Bus/ Awindow =7:I':I'znrﬁ/ A/vindow €5% (6)

Based on the core geometry kig. 9, the window area
Auindow €quals to BiAL/2-204). Thus, a constraint fa is
derived:(, O 1 3. 87 mmject, 13nmmis &pplisd. p
The magnetics path lengthcan be further calculated once
U is fixed. The calculateld is 149.24 mm from Eq5}.

To further determine the core widthand corresponding
core crossection areaA, a tradeoff between core

temperature rise and core voluisemade.FromFar aday 0 s

law, the flux density swig ¢p Bs derived in Eq.%).
o8 4537 Lai (1) N A (=21, 0)/(00 A) ()

For the AC flux swing in our case, peak flux den&iby
is half the flux density swingpH21], as shan in Eq. 8).

Bu= B2 E RP)/N A2 O
By combining Eq. 2) and 8) andconsideringAe = 2U/A,
the core loss densitfy is derived in Eqg.9). Core volumeV
is in Eg. (0). Core power lossPere = PVA. The core
temperature risep Tore is estimated by Eql() [28].

R=(K, © K f'PYL B p)ONGa o) &O
V=484 (® & 9gpa+. (10
DTcore :(F>core/ Asurfacgo.833 (11)
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Fig. 10: Core terperature rise and core volume traufé

capacitors, heatsink and SiC power modules. Hence, a design
range can be obtained based on this tdtierhe core width
orange from 32.5 to 48 mm is derivé®h, core crossection
areaA. ranges fron845to 1248mnr.

Fig. 11(a) shows the 0.1476 ~ 0.218 T peak flux density
range according to Eq8), Considering 0.54 T saturation
magnetic flux densityBsa: for ML29D core[29], designed
flux density range is below half the saturated flux density.

Fig. 11(b) illustrates he relationship betweeA. andlgq
based orkq. (12) andtheinductance calculadin Eq. @). A
desigh range for the air gap length is further derived,
rangingfrom 2.967 to 4.407 mm.

A=Ld,/m & ) (12
S
g 0: N\ _Dsar-[U. 04T
S04
X 03
o ————
§°-l3oo 600 900 1200 150C

Core crosssection aregmnr)

(a): Relationship between peak flux density and core eson area

1600
/

140¢
|

80C |
60C / |
40C | |

100C
20G

Core crosssection

area(mnv)
A

N

o

—

]

|

|

|

|

|

|

|

]

_ 3 4
Air gap length(mm)
(b): Relationship between coceosssection area and air gap length

Fig. 11: Theplots of (a) peak flux densityBpk vs. core crosssection ared\.
(b) core crosssection ared\. vs.air gap lengthy

Considering the above core temperature rise and volume
tradeoff, a core width of 40 mm ifinalized Therefore the
core crosssection area is calculated as 10403nfie peak
flux density and air gap length are finalized as 0.1771 T and
3.664 mm, respectively. With this designed core shtee,
core temperaitre rise is about 70 °C at 100 kW.

I1l. ASSEMBLEDPROTOTYPE ANDTESTED RESULTS

Fig. 12 shows theassembledlO0 kW prototypelt is
mainly composed ofour parts. The first part is the control
board, gate drive board and interface board. The control is
realized through the TI® TMS320F28335 Delfino

Based on above analysis, core temperature rise Versyg . oniroller and Xilin® FPGA Spartar XC6SLX9 IC.

core width is plotted inFig. 10, together withthe core

volume Two constraintsare considered in the core width
design.The core temperature rise is limited below 10Q6C
avoid externalcore cooling. The core volumes designed to

be smaller than 0.1,lconsidering the dimensions of resonant

The second part is the watawoling heatsink an8iC power
modules The third part is the AC resonant side including
two sets of 1@ayer AC copper foil busbars, the resonant
capacitors, andesonantnductor core. The fourth part is the
two-layer DC busbarincluding Vin, Vo and GND busbars.



The DC busbarare solderetbgethemwith theDC capacitos | |
by using a 500 W higpower soldering iron considering that _  / M 20vidivi NS

the leaded film capacitors are not suitable for the reflow — e )
soldering[30]. '
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Fig. 12: The designed and assembled k@D onecell STC

The lergth, width and height of the dic converter itself
are 37.8 cm, 15.1 cm and 4.2 cm, respectively. So, the mal
power processing part volume is about 2.4 L, and the powe = | |

density is 41.74 kWIL. e
The schematic of the test platforisishown inFig. 13, §mw :EE

The power is circulated in agfhase motegenerator system, @ v )
The DC power supply is aimed to compensate the POWE |esne p™ pres e e pa mi HE

loss, most of which is conswad by the motors and

generators. Therefore, the efficiency is much higher and (b): Tested waveforms at 80 kW
overall thermal performance is better forsttest platform — S —
comparedo the platformwith a highcurrent resistive load ' f
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Fig. 13 The test platform scineatic
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In the test, the switching frequency is finmed aound
84.9 kHz which includethe 300 nsdeadtime Actual design (0): Tested waveforms at 50 kW
resonant frequency is higher than switching frequesmy
the ZCSfor all switchesis achievedFig. 14(a) shows the
test results al00 kW with 300V input and600 V output
The top two waveforms are the gateurce voltage o and
S. The green waveform is the resonant current whith t

Fig. 14: Test resultst (a)100 kW, (b) 80 kW,and(c) 50 kW

kW are 292 A and 187.4 A, respectively, which also match
the theoreticatalculatedvalues.

tested RMS current around 38332 The theoretical RMS The tested gateource vahgeVys waveforms of the four
current value is 370.24 A, which matches the tested resuliC MOSFET switches are presentedFig. 15. The gate
well. The bottom trace is the dragource voltage d. drive output high and | ow vo

respectively. The draisource voltag Vgs waveforms are
The tested waveforms at 80 kW, 50 kW are presented Mheasured at about 300 V input and around 600 V output, as

Fig. 14(b) and (c) respectively. From the tested current Pyt . :
shown inFig. 16. From the figuregachswitchvoltage stress
waveforms, the resonant current RMS values &v8050 is equal to the input voltage
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Fig. 15 Gatesource voltage waveforms measured at gate and source pins

Fig. 16: Drain-source voltage waveforms measured at drain and source pins

All the voltagesVys1 ~ Vgsa Vas1 ~ Vasa are measured
directly fromthe SiC power module pins iRig. 17(a). It also
shows thathe resonantcurrentl g is measuredhrough the
middle point of the half bridgeFig. 17(b) presents the
applied Rohm 1200 V 600 A SiC module circuit diagram
which definesach pin and clarifies the measurement

(a) (b)

Fig.17: (a) Voltage, current measurement. (b) SiC module circuit diagram . . .
Fig. 18 Testedhermal performance at 50 k@éntinuous operation
Fig. 18illustrates he detailed tested thermal performance
at 50 kW continuous operationlt is based on the
measurment from thermal couple According toFig. 18,
g%ﬁg%?&:e?c\?hig;]e/;reDscs.gufga;mej%”r%g%i;?veethh eStthermal calculatipn and the consistenmjzh thesej tested
50 kW steady state, the heatsink temperature is constant afftrmal results will be presented in future publications.
close to the roontemperature 25C, which justifies the Fig. 19a) presentshe tested efficiencypased on the
design ofthe water coolingheatsink The inductorcore  measured voltage, curremmd power data from Yokoga®a
temperaturecomes to stable at around 42%C. Thus, the  \WT1800 power analyzefThe tested peak efficiency reaches
resonant inductor core temperature rise is 2T.5The two  tg about 98.7%t around30 kW. The tested 00 kWand 50
DC capacitor€; andCi, show temperature of 3T and 24 kW efficiency isabout97.35%and 98.47%, respectively
°C, respectivelyThus, the maximum temperature rise for the . )
DC capacitor is about 12C. Finally, the stabilizedV, and Fig. 19(b) illustrates he power loss breakdown

GND DC busbars stay at the %6 and 5£C, respectively conducted with different output powefrom thg figure,He
MOSFET conduction loss is a major contribution at full load

From the above thermal analysis, high DC busbar and
AC busbar power losses are indicated, which could be
optimized by future finite element analysis. More theoretical



