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Abstract— A converter intended to be used for the
interconnection of battery based energy storage sys tems
with the cells of a multilevel converter is address ed in this
paper. High efficiency at light and medium loads is

important in these applications and it can be achie ved
using soft switching techniques. Two control techni ques
with fixed and variable switching frequency are pro posed
and compared. The use of SIC MOSFETSs provides a hig  her

is especially
technique s,
itching

er range.

to

attainable switching frequency, which
interesting in variable frequency control
allowing the operation at high voltages and high sw
frequencies, with high efficiencies over a wide pow
A synchronous boost DC/DC converter rated for 400V
800V and 10kW is designed and developed with SiC
MOSFETs obtaining efficiencies higher than 97% from
100% to 3.5% of full load using a variable switchin
frequency (up to 200kHz) control. Significant effic
improvement is achieved at medium and light loads.
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Index Terms— DC/DC bidirectional converters, QSW-
ZVS, TCM, light load operation, SiC MOSFETSs.

. INTRODUCTION

OWER Electronics Transformers (PETs), also calle

Solid State Transformers (SSTs) have been propased

semiconductor based alternative to conventionaleLin
Frequency Transformers LFTs [1]. PETs are expefidubat
the LFTs in terms of power density and much superi
functionalities, but would be inferior in termsafst, efficiency
(full load) and reliability [1]-[4]. A fully modulathree stage
approach (AC/DC + DC/DC + DC/AC) appears to berttoest
popular choice [2], [5]-[9]. Based on the modulppeoach, the
use of multilevel converters to develop the AC/D&ye of the
PET is very common, as in the case CHB-based PE&an®
MMC-based PET [10], [11]. Multilevel converters leeseveral
convenient characteristics [12]-[16], being a digtiishing one
the fact that while it provides a high voltage Di@k| the
distributed energy storage at the cells capacébmsinates the
need of a bulk DC capacitor, which is advantagdousafety
and reliability reasons [17].

In PETs based in multilevel converters, it is pblesto add,
by adequate design of the cells, a multiport cdjpabable to
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integrate at the cell level low voltage dc or aevpp sources
(such as PV panels or wind turbines), loads orgnstorage
devices. The inclusion of distributed energy steragpability
can be carried out integrating storage systemiseatéll level.
However, if the voltage value at the cell and ttogagye system
are different, the use of bidirectional power caotees is
mandatory to adapt the energy format.

High efficiency is paramount importance in PETs¢ as
therefore also demanded to any electronic powewnerter
integrated into the PET. Battery charging processidually
done in three stages [18], with a final stage inicwhthe
charging current is very low. The power convertemreecting
the battery with the PET cell should therefore ptevhigh
efficiency over a wide power range.

This paper proposes a variable switching frequdntych
can be as high as 200kHz for low power levelsgdiitlioads)
control technique for this purpose. The cell voitageing
considered is 800V. To comply with the high voltaged
switching frequency requirements, the use of Sili@arbide
(SiC) MOSFETSs is proposed. As it is already knowewnwide
band-gap (WBG) semiconductors, especially SiC olfiba
glitride (GaN) transistors can withstand higher agé levels,
allowing faster switching and having lower condantiosses,
in comparison with similar silicon-based transistft9]. The
validation of the use of SiC MOSFETSs, allowing aorease in
the maximum achievable switching frequency, togettith a
variable switching frequency control technique fete at
high voltage, high frequency and obtaining higticeghcy in a
synchronous boost converter, especially at mediodh light
load, is the main contribution of this paper.

This paper is organized as follows. The system\oeer is
presented in Section Il. Section Ill discusses afpem and
control principles of the synchronous boost, wipkedal focus
on the efficiency at light loads. Experimental desuare
presented in Section 1V, the conclusions being sarirad in
Section V.

Il. SYSTEM DESCRIPTION

A potential configuration for a three-stage multippET is
derived from the MMC topology, where an isolatedd an
bidirectional DC/DC converter (being a Dual Actiiidge
(DAB) usually preferred) is used to inject/drag govirom the
MMC cells. The low voltage (LV) side of the DABsear
parallelized to form a low-voltage, high-current Mgk [10],
[11]. The MMC-based PET provides three ports: highage
DC (HVDC), high-voltage AC (HVAC) and low-voltage@
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(LVAC), being therefore a multiport power converntdrere all
the ports are bidirectional.

In the configuration discussed in [11], all the MMElls are
parallelized via DABs to form a full power-low vatie DC bus.
It is possible however to connect elements to t@dibk of the
cells. These can include energy storage elemer@} ¢2
distributed energy resources (DER) [21]. This isesoatically
shown in Fig. 1. In this case, part of the cells @onnected in
parallel using DABs to perform the AC/AC power cersion
with galvanic isolation and other cells are coneddb energy
storage elements and DER using non isolated DC/Bfep
converters. The converter connecting the DER/enstgrage
to the MMC cell does not have to be necessariyA8 [t can
be optimized for the specific needs (e.g. galvasitation or
bidirectional power flow capability).

Although the converter presented in this work igmted to
provide DER, especially energy storage capabiiitys MMC-
based PET, the conclusions can be applied to differ
applications where a bidirectional converter withighh
efficiency for light loads and high voltage opeoatis needed
(e.g. wind energy generation with storage capgbjRR] or
electric vehicle (EV) battery chargers [23], [24]).
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Fig. 1. (a) DER and/or energy storage integratioa MMC. (b) Structure
of the cell with distributed energy storage systems
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Fig. 2. Schematic representation of a synchronoosttconverter.
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. QSW-ZVS MODE FOR SYNCHRONOUS BOOST

CONVERTER AND DESIGN GUIDELINES
A. TCM and QSW-ZVS operational modes

The synchronous boost converter (see Fig. 2) is the

bidirectional DC/DC topology without galvanic istitan using
the lowest number of power devices. A number oftrmbn
strategies have been proposed for this topologg.cimverter
can work in discontinuous conduction mode (DCM)mwane
of the transistors turned-off, being its paraditocly diode the
freewheeling diode. In applications using Si MOSF®&ith
voltage higher than 400V, DCM is normally avoidbdcause
of the increased losses due to the poor charditsrid the Si
MOSFET body diodes. Alternatively, the convertar eark in
continuous conduction mode (CCM) with both trarstst
switching and their body diodes conducting the entrronly
during dead times.

Three different modes can be used with CCM, depgndn
the inductance value (or the inductance curremtiejpand the
switching frequency:

1) CCM hard switching (CCM-HS). It uses a large
inductance, consequently showing a reduced curipgie, and
operates at a constant switching frequency;

2) Triangular Current Mode (TCM). A low inductanaed
consequently large current ripple occur in this ecathe
switching frequency also remaining constant;

3) quasi-square wave mode with soft switching (Q3WE).
This mode is characterized by a low inductance thedefore
large current ripple, the switching frequency bevagiable in
this case.

The main characteristics of each mode of operation
summarized in TABLE I.

The key advantage of CCM-HS mode is the low current
ripple through the inductor. This makes CCM-HS ahii¢ for
its use with energy storage systems, as it preagitg) as well
as derating during the charging and discharging-gsses.
However, the price to pay are the increased switchisses,
which are dominant in this mode of operation, amhgromise
the overall efficiency of the converter.

To reduce the switching losses, TCM (also know@8%V-
ZVS at constant switching frequency) can be useth wi
traditional DC/DC topologies (buck, boost and bbdost
converter families) [25]-[28]. In this mode of op#pn, the
duty cycle is close to 50%, the dead times beirgl tis achieve
Zero Voltage Switching (ZVS) and Zero Current Swwiig
(ZCS). The efficiency of QSW-ZVS can then defeatt tbf
CCM-HS, especially in applications with dominantitsiwing
losses.

To achieve full ZVS using TCM, ¥must be at least twice
V1 when the power flows in “boost direction”, while Yhust
be higher than half Mvhen the power flows in “buck direction
[29]. Consequently, only wheny\Ms twice W, ZVS can be
achieved using TCM in both power flow directions.

Furthermore, the inductance value must be smal, lasge
current ripple is required to obtain negative catrr@uring the
commutation. The ideal waveforms of a synchronoossb
converter working in TCM mode can be seen in FigF@&ur
regions are observed during each switching perigd the
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magnetizing intervalt(,), the demagnetizing intervat,¢;), B. TCM and QSW-ZVS design guidelines

and two dead times; andtyy). As an example, both TCM and QSW-ZVS have been
The on-time and off-time regions are known as lineajesigned and compared for input and output voltagd0V
intervals, while both dead time regions are knowmesonant and 800V respectively, and a maximum power of 10k¥ése
intervals. The lower limit for the first dead timg,,) is specifications are typical in high-voltage battecharger
constrained by the need to avoid a short-circuiembl, is applications, as stated in Section I. The minimumitching
turned on and; is turned off. On the other hand, excessivérequency was chosen to tradeoff switching lossesaadible
large values of ;; will result in increased losses in the parasitidoise, a switching frequency of 20kHz was seledtdd.noted
body diode ofS,. During the second dead time;{) the that while TCM uses constant frequency, QSW-ZV Sesthe
inductance current becomes negative, forming angego frequency inversely proportional to the output povB®undary
circuit with the parasitic output capacitance o thansistors. Conduction Mode is assumed at the maximum pow&0k¥V.
Due to the resonancg, output capacitance can be discharge#or this power ratio, the inductance is obtainefB&$ Where

and ZVS can be achieved wh&nis turned on. Moreoves,
is turned off with Zero Current Switching (ZCS)etbverall
switching losses reducing drastically. Dead titge has little
importance and is neglected in most of the studie®QQSW-
ZVS, only the intervat,, being considered for ZVS [27].

TCM presents two major disadvantages when usedtiery
storage systems. First, the large current ripptéérinductance
is undesirable for the battery. This drawback cambercome
by using modular converters (i.e. multi-phase letared
converters connected in parallel). Second, reltitarge
values of the reactive current can occur in the ZAusle when
the converter operates at light loads. This istdube fact that
the average current is reduced while the curr@pieiremains
constant in this case. Consequently, at light Idadsconverter
works with more reactive current than is actualeeded to
achieve 2ZVS. This is illustrated in Fig. 4(b). Théecond
disadvantage severely compromise the efficiency wght
loads, which is a significant drawback for battergnagement
applications. CCM-HS has been included in Fig. 4fy for
comparison purposes.

Alternatively to TCM, QSW-ZVS can be used. Both hwats
respond to the same principles, but the secondatgert a
variable switching frequency [29]-[34]. In QSW-ZV$he
switching period is adapted to guarantee that theverter

D is the duty cycleP is the power}; is the input voltage and
fs is the switching frequency. For the operating dom
defined above, the inductance provided by (1) 31.240.

D 1
2P f;

The minimum inductive current needed for ZVS coiodit
(2) is obtained by matching the energy stored énitlductance

and the energy stored in the output parasitic dapaduring
the dead time (second resonant period).

L=V 1)

)

where V, is the output voltage, and;, is the equivalent
parasitic capacitor of the switching node, whichvigce the
output parasitic capacitor of each MOSFET transisto

The theoretical maximum and minimum inductance entrr
vs. load are shown in Fig. 5 (the main specifigatiof the boost
converter are shown in TABLE Il). It is seen frohetfigure
that the minimum inductance current is always lofeerTCM
than for QSW-ZVS, which implies more reactive powsg. 6
shows the ratio between the average reactive ana gowers

works with the smallest amount of reactive curmreeéded 10 or hoth modes of operation as a function of trzlidThe higher
achieve ZVS. With light loads, QSW-ZVS increase® thing ratio is, the larger are the expected poweselwglue to the

switching frequency to maintain the minimum curremstant,
the reactive current remaining invariant with retge the full
load condition, consequently improving efficiencly TCM.

Ideal inductance current waveforms for QSW-ZVS afien
and different power ratios can be seen in Fig..4(c)
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Fig. 3. Ideal waveforms of a synchronous boost edmv working in QSW-
ZVS mode.

reactive power. It is observed from the figure tfoatlow and
medium loads, TCM has always a ratio higher theb 4énd it
increases to near 80% when the converter workg\at (.0%
of the rated power). On the other hand, QSW-ZVSaestio
below 10% with medium loads, and near 20% at 1k@#{bf
the rated power). It is concluded from this anaytiat the
efficiency of QSW-ZVS mode at light and medium Idadels
is expected to be higher than for TCM.

Nevertheless, QSW-ZVS mode also has some disadyesta
As has been previously explained, wheris/mot twice \{, full
ZVS cannot be achieved for both power flow direasiowhich
can limit the application fields. However, even whé& is not
exactly twice \{, switching losses can be greatly reduced
(thanks to partial ZVS) [36] and efficiency at maahi and light
loads can be considerably increased. Moreover,alviri
switching frequency operation increases the eletgnetic
emissions (EMI), which can be a problem in appi@at in
which EMI regulations are restrictive. Larger ENiidrs can be
required in this case, increasing the overall weigblume and
cost of the converter.
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TABLE |
CCM OPERATIONAL MODES COMPARISON
Operational Mode Dominant Inductance Switching Pros Cons
losses current ripple freguency
o Simplicity -
CCM-HS Switching Very low Constant Low current ripple Efficiency
TCM Conduction Very high Constant Efficiency at fultb Reactl\/gut;,?er:terr]itp?)tlgght load
QSW-zZVSs Conduction High Variable Efficiency CurrEr':Atlnpple
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Fig. 4. Inductor current waveform for two differguawer levels. (a) CCM-HS. (b) TCM. (c) QSW-ZVSdirctance value of 600puH for CCM-HS and 200uH for

TCM and QSW-ZVS.
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It must also be considered for QSW-ZVS that the@ving
frequency cannot be unlimitedly increased due tmmanent
limitations. In Fig. 7 the theoretical variation thfe switching
frequency of QSW-ZVS mode is shown as a functiorthef
power, it is seen to decrease with the output poVirile for
full load operation the switching frequency remaitase to the
nominal value of 20kHz, for loads below 500W (5%t rated
power), it varies in range between 150 kHz and I898. The
maximum switching frequency is mainly limited byetbutput
capacitance of power transistors. This parasitigac&ance
affects to the switching times required to obtafZand plays
an important role when the switching frequency éages. The
maximum switching frequency of the power deviggs,,
determines the minimum power for QSW-zZVS (3).

— V12 1

Pmin -

o ©)
ZL fsmax_ X
Thanks to the low parasitic capacitances of SiC MPEs,
fsmax CaN be greatly increased, allowing the use of QSY¥%-
for very light loads.

C. Device selection and TCM and QSW-ZVS theoretical
efficiency comparison

In low voltage applications (up to 400V), the use S
MOSFETs allows the use of switching frequenciesuado
hundreds of kHz. For voltages above 600V, Si IGBihsistors
might be needed. Unfortunately, IGBTs cannot ogeredt
switching frequencies exceeding a few tens of khtt @re not
a viable option therefore for QSW-ZVS operation.
Alternatively to IGBTs, SiC MOSFET transistors dam used
in this case to comply simultaneously with the ag# level and
the switching frequency required by QSW-ZVS. Thaaile of
the SiC MOSFET used for the experimental verifmatare
given in the next section (TABLE I1).
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Fig. 7. Switching frequency vs. power for QSW-ZV$8de.

Two considerations must be made regarding theiefioy
estimations. First, the inductance has been optithfar each
operating mode, taking into consideration the cluosses
(hysteresis, eddy currents, etc.) and copper lggsegluction
losses, proximity effect, fringing flux effectscét Second, no
switching frequency limitation has been considefed the
QSW-2ZVS (see Fig. 7). Obviously, this is not poksiin
practice, and the maximum switching frequency &f plower
devices must be respected. Once this limit is regchhe
operation mode of the converter changes to TCM.

The estimated efficiencies are shown in Fig. 1&hBdCM
and QSW-ZVS provide an efficiency of 97.5% at fidad,
thanks to the soft switching operation. As the |dadreases,
the efficiency in TCM mode decreases, being ardedib at
2.5kW (25% of the rated power). On the contrarg,gfficiency
for QSW-ZVS remains the same as for the full loaddition.
At very light loads (below 1.5kW), the differencés the
efficiency for the two modes are even more relevaging less
than 90% for TCM vs. 98.5% for QSW-ZVS.

IV. EXPERIMENTAL RESULTS

The theoretical derivations of the previous sectiane been
experimentally validated using a prototype showRig 8. The
design and optimization of the power converter caroe
approached as a simple replacement of Si by Si€eevlhere
are several critical issues which must be consitieréake full
advantage of SiC devices characteristics.
techniques and SiC MOSFETSs with low parasitic capaces
at high switching frequencies (up to 200kHz) arghhioltages
(800V) place relevant challenges. High valuedwtitmust be
carefully managed and careful design of the driverg.
selection of the gate resistance, filtering consignals or
especial layout, avoiding inductance loops) is el The
power transistor used for the experimental veriitcais a SiC

MOSFET module CCS050M12CM2 (three half-bridge, six

pack module) by Wolfspeed. It is noted that onha#f-bridge
is used. The module includes SiC diodes in paraligi the
body diode of the MOSFETS to reduce the reversevery
effect. The commercial driver CGD15FB45P1 by Wodisg is
used. The control signals are sent from an FPG#eaariver
using optic fibers.

The design of an inductor able to operate at highgy over
a wide range of switching frequencies (especiatllyhah
frequencies) is not trivial either. Core materidkssigned to
operate at high switching frequencies are not &hlmanage
very high powers. Three inductors of 600uH each are
parallelized to obtain the 200uH required for thewerter, with
the peak current being around 50A (three paraihlictors are
used instead of one mainly for practical reasoHfsg.inductors
are constructed using Litz wire and an ETD59-3F8téecore.

Details of the experimental setup are summarizedBLE
II. Under TCM operation, the switching frequencyfiked at
20kHz. In QSW-ZVS operation, the switching frequenc
increases as the load decreases, varying betwedetz 24nd
200kHz. Examples of experimental waveforms for edight
operating conditions are shown in Fig. 9.

The efficiency in all the cases was measured ohee t
converter temperature is stabilized. Heatsink wititural
convection was used to dissipate the heat of tBeMEDSFETSs.
Input and output voltages and currents were medsuseg
four calibrated digital multimeters (FLUKE 187). dh
calculated efficiencies are intended mainly for panison
purposes, as the prototype has not been optimiaed,
consequently the efficiency for both modes of openacould
likely be improved. Fig. 10 shows the efficiencyaafunction
of the power for TCM and QSW-ZVS modes.

The focus of the paper is the efficiency comparisan
medium and light loads and as already discussedifier
power levels both TCM and QSW-ZVS are expecteddoide
similar results. Fig. 10 shows the theoretical {odull load,
10kW) and measured efficiencies (up to 60% ofifdt, 6kW),
providing a good agreement between estimations and
measurements. The larger error observed in the @8®/ean
be attributed to the simplicity of the power lossdal used to
calculate the inductance losses, as the effechefvariable
switching frequency on the core losses was notidersd.

It must be remarked that, efficiency using QSW-ZéS
higher than 97% in a power range which goes froBV8(3.3%
of full load) up to full load. On the contrary, thegh efficiency
of TCM with high loads (97% for 66% of full loadpsificantly
reduces as the load level decreases.

TABLE Il
US'ng ZVS MAIN SPECIFICATIONS FOR THE SYNCHRONOUS BOOST CONVERR.
Parameter Value
ViV, 400V / 800V
Pyax 10kW
fs 20kHz (nominal)
L 200pH
I, -1.80A
CCS050M12CM2
MOSFET 1500V, 50A, 25m, 393pF
Driver CGD15FB45P1
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It is finally noted that while the efficiency atlfdoad is
usually the most important one, there are appboatfor which
the efficiency at light load can also be criticélveraged
operating efficiencies, or weighted efficienciesjcls as
California Energy Commission (CEC) efficiency [30F
European (EURO) efficiency [38], [39], can be usedhis
case. TABLE IIl shows EURO and CEC efficienciestloé
prototype using TCM and QSW-ZVS. These weighted
efficiencies confirm the superior performance of\i@2VSs
over TCM.

TABLE Il
EURO AND CECEFFICIENCIES

Operation mode EURO efficiency CEC efficiency
TCM 95.093% 96.033%
QSW-2ZVSs 97.704% 97.450%

V. CONCLUSIONS

Three different modes of operation for a boost estar have
been discussed in this paper: CCM, TCM and QSW-Z8\8.
voltages above 400V, TCM is usually preferred cv@M, as
it provides reduced switching losses. However, T@Malizes
efficiency at light loads.

The use of SiC MOSFETS, together with a variablitching
frequency control technique (QSW-ZVS) have beerduse
improve the efficiency in a synchronous boost cotere
especially at medium and light load (almost 98%?2%t of full
load) operating at high voltage (800V) and higlgérency (up
to 200kHz). Increased efficiency at light loads ta&nrelevant
in battery chargers during the final stage of thearging
process.

Si MOSFET can achieve the required switching fregies,
but have a voltage limit in the range of 600V. Fogher
voltages, IGBTs could be used but they cannot cuitte the
switching frequency requirements. WBG semicondwsstor
especially SiC MOSFETSs, can simultaneously satisfiyage
and switching frequency requirements. It is theneeftoncluded
that QSW-ZVS for the given specifications is nasgible using
Si power devices, and only becomes feasible if 8@SFETs
are used. Experimental results using SiC MOSFEie lheen
provided to demonstrate the viability of the progisoncepts.
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