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Abstract The purpose of the article is a comparison buckboost.They are also thizgastcomplex therefore eay to

betweenDC/DC topologies with a wide input voltage range

Theresearch also explains how the implementation

of GaN E-HEMT transistors influences the overall efficiency
of the converter. The article presentsa process ofselection ofthe

most efficient topology for stabilization of the battery storage
voltage @ V i 36 V) at the level of 24V, which enablesthe usage
of ultra capacitor energy storagein a wide range of applications,

e.g, in automated electric vehiclesIn order to choosethe most
suitable topology, simulation and laboratory research vere
conducted. The two most promising topologies wereselectedfor

verification in the experimental model. Each of the converters
was constructed in two versios: with Si and with GaN E-HEMT

transistors. The paper presents geperimental researchresults that

consistof precise power loss measuremestind thermal analysis.
The performance with an increased switching frequency
of converterswas alsoexamined

Keyword® buck-boost, synchronousDC/DC converter, GaN,
high efficiency, ultra capacitor, power lossesSEPIC, L u k

|I. INTRODUCTION

LENTY of DC-DC applications require a possibility

to obtain output voltagehat is higher or lower tharthe
input voltage Some energy storagkevicescharactered by a
wide range obperating voltage eate a need for a DOC
converter thatstabilzes voltageat the desied level. This
condition isnecessary when we consider Highefficient
energy storage systems basgdsupecapacitorsWide-input
voltagerange DGDC convertes provide batterieswith the
optimal operatng conditions and &w themto use theirfull
available capacitySupercapacitors can be discharge® g
which challenges powetonverterdo use energy ithe entire
working range efficientlyAllowing operation at low voltage
level increases energy storageapacitance significantly
(Fig. 1). Cutoff voltage level should be teadeoff between
available capacitangc@ower converteboostcapabilites and

efficiency. A wide choice ofbuckboost topologies is
described irtheliterature [1]. Themost popular of them are:
SEPI C,, and ovakcaded

inverting buckb o o st ,
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implement in industrial conditian Proposed topologies differ
in thequantity ofnecessary semiconductor cagsive devices
and the control characteristic Selectionof the appropriate
topology forthedesired application seems to be a nontrivial
task
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Fig. 1. Energystoredin a supercapacitorelated tats voltage

Some simulatin resuls show thatorinverting cascaded
buck-boost can be more efficient thamverting buckboost
due to better working conditions of the semiconductor
deviced5]. The dscussed topologiesre also widely used
in photovoltaics systems[6][7]. L u kconverter can be
successfullyapplied especiallyin designs were non-pulsed
input currentsare required8][9]. It should be noted thatkey
design factors inenergy storage systenmarespecific and
insome areas different from other applications
e.g.photovoltaics. Another examined issue ighe possble
application of wide-bandgap transistos to improve
well-known topologiesregarding operating frequency and
overall efficiency[10]. GaN transistorsdesigned to operate
atlow voltagevalues(100V nominally) area cutting-edgebut
also verified technology The pssibility of increasing
tﬁbg\/\ﬁtcrhihge ﬁequencywhile maintaining high-efficiency
level is desirablendwill resultin decreasing the siz&f power
converters.GaN EHEMT transistos can be comparewith
silicon MOSFET power deviceslowever somedifferences in
structure pperation andapplication have tbe noted11].
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Il. RESEARCH CRITERIA

The analyzed buckboost converteis projected tetabilize
voltage provided by supercapcitor energy storageenabling
such storageeviceto powervarioustypes ofelectricvehicles.
Principledesign parametef§@ABLE |) assumeoperationwith
constant output voltagend switching fequencyand variable
input voltage and output power.

TABLE |
POWER CONVERTER DESIGN PARAMETERS

Parameter Unit Value
Vin \Y 97 36
Vout \% 24
Pout ave w 250
Pumax W 1000
fsw kHz 100
tdead ns 100
d % 98
I IN max A 50

Ill. TOPOLOGY SELECTION

During the topology selectionprocess several factors were
taken into consideration. Firstly, a topology must hatre
possibility to step up and step dowre voltage inthedefined
range without any reconfigurati. Furthermore, efficiency
should beas high as possiblelastly, power density and
material costs must be helat the appropriate level
to facilitatefuture industrial implementation of the converter.

A.Topology overview

Step-up / stepdown converters an be divided into two
main groups: galvan@dly isolated and notsolated
(Fig. 2). The assumedvoltage ratio TABLE 1) does not
requirea transformer therefore in the solution,the selection
of thetopology is limited taconverters without galvanic
isolation. Furthermoreresignation from the transformer will
allow the maximization of thepower density factor.

INVERTING <
NON
INVERTING

NON-
ISOLATED

BUCK-BOOST
CONVERTERS

ISOLATED

Fig. 2 Buck-boost topologyverview

Different topologiegesult indiverse working conditions of
semiconductors and passiveomponents which causes

differences in power lossefl?]. Each of the presented
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topologies(Fig. 3) has pros and conwesentedn TABLE II.

The Hgher number of transisteresults ina more complex
contol structure the discontiruous input or output curremit
increag EMI filter dimensionsandthe reverse outputoltage
polarity makes it challengingto implementa converter in
acomplex system.
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Fig. 3 Converter topologies(a) Inverting buckboost converter(b) L u k
convertey (c) Cascaded buekoost DC/DC converte(d) SEPIC converter

Four nonisolated topologies(Fig. 3) were chosen for
simulation verification.

TABLE Il
Compaison of nonisolated buckboostDC/DC topologies

Buck-boost L uk Cascaded SEPIC
Switchesno. 1 1 2 1
Capacitos no. 1 2 1 2
Inductos no. 1 2 1 2
Input current DC? cch DC cc
Output current DC cc DC DC

2DC - discontinuous current
b-CC - continuous current
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B.Simulation analysis

Simulation research aimedo observe the efficiency
of different topologies in key operating pointslowever
thesimulation model wasomewhasimplified so thathe core
and AC conduction losse®f inductorsas well as snubber
losses were not includd. Asfor the transistors realistic
modek prepared bythe manufacturerwere used (Fig. 4).
Synchronous versions of converters were used in order
minimize conduction lossg$3].
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Fig. 4 Simulaton model ofL u &onverter

The cascaded converter achieved the highest efficiatradly
operating pointswhereaglassic inverting bucloost hd the
most losses(TABLE Il). The resultsfor L & and SEPIC
converterwere similar, so the norrinverting SEPIC topology
waschosen ashemore desirabldecause of the neinverting

characteristic.
TABLE Ill
SIMULATION POWER EFFICIENCY RESULTS
(Vour = 24V, Poyr = 250W, fsw = 100kHz)

Input

voltage Buck-boost Luk  Cascaded SEPIC
oV 92.8% 94% 94.8% 94%
15V 97% 97% 98.2% 97%
24V 98.3% 98.3% 99.4% 98.3%
32v 986% 98.6% 99.3% 98.7%

Based on simulatiomesults,two topologies the cascaded
buckboost and SEPICwere chosen fofurther experimental
research.

IV. EXPERIMENTAL MODELS

Prototypesof the two selectedtopologies vere constructed
for experimentahnalysis(Fig. 5). Converters ireachtopology
were designedusingtwo technologies: Si an@aN E-HEMT.
Each of the resulting four prototypesvas built with similar
passive componentgTABLE 1V) in order toachieve
comparable results

In convertersusing GaN EHEMT devices (Fig. 6¢, Fig.
6d), each switctconsists of twaralleleddiscretetransistors
This solution stems from high Ruysen) Of selected GaN
E-HEMT GS51008T[14] transistor{7 mY atT; = 20/C) in
comparison tdRys(on)of the usedSi IPPO30N10Ng15] devices
(3mY § % 20/C). What is moreGaN EHEMT transistors
have a high positive temperature coefficientUsing the
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increased number ddaN EHEMT transstorscan evenlead
to the higher overall efficiency of the converter despite
increasedwitching lossebecause olow parasitic capacitance
and gate charge valudsmiting conduction losses seemed to
be the piority because of relatively higburrents flowing in
the circuit(up to 50A).
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Fig. 5 Selected topologiesta) Synchronous cascaded bdogost DC/DC
convertey (b) Synchronous SEPIC converter

TABLE IV
EXPERIMENTAL MODEL PARAMETERS
Cascaded SEPIC
Cn  3300nF, 20mY 22nF, 10mY
c2 - 260nF,83mY
Cour  3300nF,20mY  10800nF, 2.3mY
L1 15nH, 516 A 30nH, 516 A
L2 - 30nH, 516 A

An RC snubber circuit paralleled each transigtoorder to
minimize Vps overshoot and odtations Specific R and C
values were selected based on simulatiamd experimental
tests(10 nF and 3B K for Si transstors and2.2 nF and 1Y for
GaN semiconductorg$} 6].

Fig. 6 Experimental modsl (a) CascadedSi; (b) SEPIC Si; (c) Cascaded
GaN (d) SEPIG GaN
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In eachdesign,isolatedSi8271 gate drivers were usétss ~ ™™* A sonem e e EORRRS
of Si-based convertersag set to 12V / 0 V with external B g o 1
6.8Y /33Y g at ers wheredder GaN-basedconverter Udcl 2403 v 1 oo
Ves was set t05.6 V / -3.4 V and external gate resistance 2 e
values wereequal t03.3Y / 1 Y. Bipolar Vesimproves noise Idc1 10.48 A 3 F“Q o
immunity; however, it results inhigher switching losses. P1 ' 0 252 kW j Si':mf;f
Robustness iscrucial in application with GaN EHEMTs : S M
because olbw gate threshal voltage[17]. Udc? 2401 v :6] Sé":mi;ig_

?‘ 14 M

V. EXPERIMENTAL ANALYSIS Idc2 1040 A 2 ::m;;

The purpose of experimental research was to verify P2 0.250 kw o o

reliminary simulation testand compare power losses9n T v

pand GaN)l;asedtransistos. All four I():onveprters were tested STRAT 2146 W :—; o e
with regards topower lossesthrough electrical (Fig. 7), 71 gg 15 y 2l

(Fig. 9) and therma(Fig. 11) measurements :
Update 5163 (500msec) 2020/02/19 14:47:38

Fig. 8 Power analyzer Yokogawa WT1800 screenéhBascaded GaN
converter in optimal operating point

a)
MSO5204 Fri August 14 11:53:39 2020
RIGOL i [l soous 1o \omssmammngyr oo IR
= : & . - .
Ups ; ‘ ‘
Ups T2
It
n(,
B — L—-J I\—u IL—H L—u !
n b)
) > ﬁ > } MS05204 FriAugust 14 11:19:03 2020
DC f W Be RIGOL 760 [ 5000 105 ) | weam | sromun (DL 50005 @ £ ®ov
power V“I | Vosir ‘ electronic o . o 5 . -
supply load Ups T1
DC l L
QPX600DP ITECH Ubs 12
85]4C | | ) | ] | ] | |
"I
Power Analyzer .
YOKOGAWA WT1800
10v
Fig. 7 Power loss measuremest a) Photograph ofhe laboratory setup &, | — — S— R—— S—
b) SCheme Oﬂ]e setuD 735408 j:ﬂs:llv 3.3576A 32.783V
The results showed that the beoiost converters work O - E'm%_of SR T @
with the highest efficiency wheimput and output voltage
values are similar. Operating in boost modesignificantly Fig. 9 CascadedGaN converter waveformsin steadystate operation

less efficient because of increased currents, assuming constan$t modeLogic signal(red), Vosru(blue), Vosr2 (green), and I. (vellow):
power and output voltage. (@)36V/24V; (b)9V/24V

Results of power analyzer measurements presentedrhe secondemark isthat SEPIC characteristics affatter
i MABLE V and inthe cha (Fig.8)hi ghl i ght t tham caddaded cenverter oréstherangelimits (especiallyat
in efficiency between the cascaded bick o st a n dninigniPoltage) SEPIC and cascaded converter loszes
converter, which was first obsed in simulation research similar, but in the middle ofthe range cascaded buekoog
(TABLE III). has significansuperiority.
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TABLE V.
MEASURED EFFICIENCY
(VOUT =24V, Pour=250W, fSW = 100kHZ)

Input Casc_aded Cascaded SEEIC SEPIC

voltage Si GaN Si GaN
9V 89.6% 91.2% 90% 87.7%
16V 96.3% 97.1% 94.5% 93.9%
24V 98.7% 99.2% 95.1% 99.2%
36V 96.6% 98.2% 94.9% 94.9%

Cascaded buckoost GaNbased converter has lower
losses thn the Si-based one in the whole anzdyl range
of input voltage. On the other hantie SEPIC converter with
Sisemiconductors in themajority of the operating range
ismore efficient than its Galdased versiorfFig. 10). Losses
of the SEPIC GaN converter increas@nificanty when
theinput voltage is low. It mainly stems frohe operation
principle of the SEPIC topologyand higher RMS values
of currents flowing though transistorsHigher Ryson) of the
GaN trarsistorsandtheir positive temperature coefficieatso
have animpacton lossesn this case.

100
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Cascaded GaN
SEPIC Si
SEPIC GaN
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Fig. 10 Measured efficiency dhedesigned converters

In order toconfirm theachieved resulfdong-term-operation
test were performd (Fig. 12). All the tested converters were
passively cooled witl 2.2-K/W heatsink.

Fig. 11 Experimental setup thermal analysis

Heating curves in general confirm the power analyzer
meauremens. However the power efficiency of SEPIC Si
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wasslightly higher tharthat of thecascaded Sitthe analyzed
operaton point Vin =9 V, Vour = 24 V, Pour = 250 W)
(Fig. 10).

45
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35

Cascaded Si

Cascaded GaN | -
SEPIC Si

15 20 25
time[min]
Fig. 12 Heating curvestp Ti heatsink temperature increaéén =9V,

Vout = 24V, Pour = 250W, fSW =100 kHZ)

VI. HIGH SWITCHING FREQUENCY PERFORMANCE

In the research power losseswith different switching
frequen@eswere also examined®aN EHEMT transistorsare
predestined t@perateat high switching frequency because of
their small parasitic capacitance and chargalues[14][18].
These theoretical values were checked in simulation and
experimental researchin comparison withthe Si power
transistors. Simulation results that covered losses
of thetransistor, inductqr and PCB traceg(Fig. 12) were
compared with total converter losses measured accotding
Section Ill. Transistor switching losses were estimated
by approximation of switching energy as a triangle per
formulas (1) and (2). Switching periodduration(t; i ts) was
calculatedbased ordatasheet parameters atie appliedVes
level.

E0N=%*U*I*(t1+tz)+E03S (1)

Eopr =5 % U % (t3 +1,) )
To calculate inductor lossesthe manufactu e r RED
EXPERT software was used. The software uses experimental
data inorder to estimate inductor losses correctyvarious
duty cycle levels. PCB trace resistanogere precisely
measured and also includedsimulation models.

Simulation and expénental 3D profiles of losses in Si and
GaN transistors areoncurrent However values of losses
estimated in simulation underestimatactual losses.
Thisrelationship is eident in GaNbased converters, \idhn
canresult from GaN tranistors structure GaN EHEMT does
not includea body diode as in Si MOSFETsvhich next
tonumerous advantagegrovides the drawback of higher
deadtime losse$19]. Underestimated are especialhelosses
in boost mode othe converter(Fig. 13b, Fig. 14b).
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a) VII. CONCLUSIONS

The esarchfocused on two main issues: selecting riizest
efficient topology of norisolated buclkboost converterfor

a0+ » low-voltage supercapacitor energy storage and compasing
2 " and GaN EHEMT transistor losses in thesolution Initial
£ ‘Q‘ simulation research hdlped tadentify two topologieswith
Lis ‘t".‘z“zg’:’z’/ the highestefficiency (SEPIC and cascadecbnverte) for
104 @ St o further experimentainvestigation This research showed that

buckboost converter working with supercapacitor energy
WL —- storage should bexplicitly usedfor theapplicationto improve
W oe T T e W the overalperformance.Both simulation and experimental
v T %10 el studiesshowedthat the cascaded buekoost converter habe
b) highest efficiency despitethe increased number of transistors
Converters withSi and GaN semiconductor devices reached
® similar level ofefficiency. However it should beloted that
a GaN solution can be superiat high switching frequencyup
20 to 1 MHz), atwhich they areintended tooperate High
2 o switching frequeng will result in the possibility of decreasing

2 inductance valuesind lead to an incressed power dasity

1 factor of the converterA small package of GaNE-HEMT

- © devicesreduce parasitic inductanceand asaresult, limits

5- - . overshoot andscillations duringthe switching process. This
B w0 g e

Losses [W]
n
B

0 allows desigring convertersmore effortlessl. On the other

T hand toget the full benefit ofthedevices an appropriate

cooling system should be incdad. Heat dissipation from

Fig. 13 Simulationresults.Power losses dependirgn input voltage level  small chips is constricted andll demandmore s@histicated

and switching frequency) Casaded Si converter Ifjascaded GaN converter cooling solutions especiallyin devicesoperating atincreased
a) frequendesin high ppwerdensityapplications

Vin [V]
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