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Abstract— This paper proposes a bidirectional bridgeless
totem-pole interleaved power-factor-correction (PFC)
converter using SIC MOSFETS as the front-end stage of
an onboard charger for plug-in electric vehicles (PEVS).
The proposed converter provides bidirectional operation
enabling both grid-to-vehicle (G2V) charging and vehicle-
to-grid (V2G) ancillary services. The converter is suitable
for efficient G2V V2G onboard charging due to its
superiorities in terms of bidirectional operation, smaller
current ripple, lower EMI, lower conduction losses and
switching losses. A 3.3kW PFC converter is designed and
developed, using Silicon-Carbide MOSFETs with fast
recovery body diodes, for validation of and V2G operating
modes. Utilizing SIC MOSFETs enables continuous
current mode (CCM) operation of the totem-pole PFC
converter in high-power applications. The converter is
capable of converting 85Vac-265Vac line voltages into a
regulated dc voltage in the range of 300V to 600V. The
maximum efficiency of converter reaches up to 99.2% with
0.99 power factor.

Index Terms—About four key words or
alphabetical order, separated by commas.

phrases in

|. INTRODUCTION

In a typical plug-in electric vehicle (PEV), angie-phase
power factor correction (PFC) ac-dc converter isduas the
front-end stage of an onboard grid-to-vehicle (G2karger,
followed by an isolated dc-dc converter as the seiage,
as illustrated in Fig. 1 [1]-[3]. The most commoniged
PFC converter in an onboard charger is a singlsgdéide
bridge rectifier followed by a boost convertercdinverts the
85Vac~265Vac single-phase ac voltages to a reglldee
voltage (typically around 390V) [4]-[6].

Although the conventional PFC boost converter &s rifost
popular topology, its efficiency suffers from thencuction
losses of the front-end diode bridge rectifier anés not
bidirectional [7]. Therefore, bridgeless PFC bammtverters
are investigated to reduce the number of diodedramdase
the efficiency [8]-[16]. Moreover, bridgeless topgles can
be slightly modified to enable bidirectional opévat to
provide vehicle-to-grid (V2G) ancillary servicesu® boost
bridgeless PFC converter is a commonly used bradgel
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topology, but its serious common mode noise requae
large electromagnetic interference (EMI) filter {&D].
Semi-boost bridgeless PFC converter can reduce the
common mode noise; however, each of its two bridhgesto
handle the peak input current, increasing the amkecost of
the components [11], [12]. A dual boost bridgel&4sC
converter using bidirectional switches is also wered by
researchers [13]; however, its major drawbacks uohel
difficult gate drive design and the inefficient pesd diode
rectifier.
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Fig.1.Typical onboard charger with a front ereCP stage
in a PEV Power factor

Another variant topology of dual boost bridgele§<Rs the
pseudo totem-pole bridgeless PFC converter [14yvéver,
the difficult control and gate drive design limis ipractical
implementation. Totem-pole bridgeless PFC converter
shown in Fig. 2(a), overcomes the issues of othielgbless
topologies [15], [16]. However, reverse recovergue of
Silicon (Si) MOSFET's intrinsic body diodes caudasge
reverse recovery current in continuous current m@iem)
and makes it impractical for high power applicasiofrast
recovery diodes can be used in anti-parallel, eyt
increase the size and cost of the converter.

This paper introduces a Silicon-Carbide (SiC) based
bridgeless totem-pole interleaved PFC converterthas
front-end stage of an onboard charger capable &f &l
V2G operating modes. In comparison to other topekg
the proposed topology has superiorities in termshigh
efficiency, small common mode noise, small ac aurre
ripple, small reverse recovery current, less numbér
components, simple control and simple gate driveigte
The low reverse recovery charge of SiC body diautt the
low turn-on resistance of SiC MOSFET make the caeve
an efficient and cost effective solution for biditienal
onboard chargers. The converter is capable of fatimg
with 85Vac-265Vac universal single-phase ac-lindages.
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Furthermore, due to the high voltage capability i€

MOSFETSs, depending on the input voltage, the d& lin When< is turned off, a deadband interval is introduced

voltage can be regulated in the range from 30080@V. beforeSl is turned on to avoid overshoot current. After the
dead band$l is turned on, as shown in Fig.2(b), generating
a freewheeling path for inductor current and disgimg the

II. LITERATURE SURVEY stored energy in inductor to the dc link. The cotref L1
The situation in the automotive industrsigh that the decreases linearly according to Eg. (2),
demands for higher fuel economy and more eleciwgy (ffu Ve —Vﬂ
are driving advanced vehicular power system vo#atye =
higher levels[1].Research and development effordseh dt JJ:1_

focused on developing advanced powertrains andiexffi

energy system[2]. The impending global energy &S The turn-on time of2 is determined by the boost duty

opened up new opportunities for the automotive $IYUto 446 of pulse-width-modulation (PWM) signal, whitbe
meet the ever-increasing demand for cleaner andt fug,rn-on time ofSl is complementary t62.

efficient vehicles[3].This is the result of incraagy

sophisticated engine and body controls, as wellthas In the negative half-cycle of ac lin&p is turned on,

introduction of new ,electrically controlled funmtis[4].The connecting the high potential of ac line to theidk. When

fuel efficiency and performance of novel vehicle#hw < is turned on, as shown in Fig. 3(c), the ac soahzeges

electric propulsion capability are largely limitety the the jnductorl1, and the current increases linearly as Eq. (1).

performance of the energy storage system(ESS)[5]. S is turned on afterSl is turned off with a deadband
interval, which enables synchronous rectificatiomd a
generates a freewheeling path for inductor cur@mshown

Ill. BRIDGELESSINTERLEAVED PFCCONVERTER in Fig. 3(d). The inductor current decreases lityeas Eq.

The proposed bidirectional bridgeless totem-pol€2). In the negative half-cycle of ac line, thertem time of

interleaved CCM PFC converter using six SiC MOSFIETs Sl is determined by the boost duty ratio.

shown in Fig. 2(b). Two boost interleaved phasds $1, 2

and L2, S3, $4) are driven with 180 degrees phase S3 and $4 are used to construct the second interleaved

difference. In each boost phase, the high-sidechveind the phase, driven with 180 degrees phase differendenegpect

low-side switch are driven complementarily with @ad to Sl andS2. The operation of the second interleaved phases

band. is similar to that of the first interleaved phasereasing the

N effective switching frequency by two times.
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Fig.2.a)Unidirectional bridgeless buck-boost DCNFCP
converter .Fig.2.b) Proposed bidirectional bridgsleuck-
boost interleaved CCM PFC converter @

Two line rectification diodes are replaced with t8aC
MOSFETs & and $6) to be used for synchronous
rectification.

The operation principles of one leg of totem-pole
interleaved PFC converter for G2V charging is dieguidn
Fig. 3. In the positive half-cycle of ac line, down in Fig.
2(a), 6 is turned on, connecting the low potential of ae li

N
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7
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to the dc ground. Wheis2 is turned on, the ac source ",J

charges the inductdrl. The current of 1 increases linearly, i
diy, _ Ve :
dt L, ()
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Fig.3.Opeeration of one leg of bridgeless buck-boos
interleaved CCM PFC converter for G2V operation
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For V2G operation, the switching operation modes ar 3 *JEJ%}
similar to those of G2V. In the positive half-cydéac line, i
as shown in Fig. $6 is turned on, connecting the low
potential of ac line to the dc ground. Whghis turned on,
the dc link charges the inductdrl. The current ofL1
increases linearly according to Eq. (3),

. 7 an
(ﬁl‘l:Ia 1':1-:'

dt L

When Sl is turned off,&2 is turned on with a dead band
interval in between, as shown in Fig. 3(b). Theuictdr
current freewheels throudgk and releases the stored energy
to the ac line. The current bil decreases linearly,

v
ﬁ =0 Fig.4.Operation of ohéHeg of bridgeless buck-boost
dt Iq interleaved CCM PFC converter for V2G operation

Of ac line,5 is turned on, connecting the high potential
of ac line to the dc link. The dc link charges ihd@uctorL1
when&2 is turned on, as shown in Fig. 3(8L is turned on
after & is turned off to enable synchronous rectificatias,
shown in

Fig. 3(d). In the negative half-cycle of ac linbetbuck
PWM duty ratio determines the turn-on time3af

N
i
[y

-D ‘-1lf

(c)

(d)

The turn-on time ofSl is determined by the buck duty
ratio of pulse-width-modulation (PWM) signal, whitbe
turn-on time ofS2 is complementary t&l. In the negative
half-cycle

By introducing a current reference, 180 degree afut
phase with respect to the ac line voltage, the-turtime of
switches can be determined by the buck PWM dutip.rat
Therefore, the inductor current can be shaped Kfreg
out of phase with respect to the ac line voltage.

IV. DESIGNAND GUIDELINE AND CONTROL
SCHEME

A. DC Link Voltage Range

For universal input line voltages (85Vac-265Vabg tic
link voltage can be varied in the range of 300V6@DV.
The minimum dc link voltage is regulated at 380Vewhhe
ac-line voltage is 155Vac-265Vac. When the ac-liokage
is 85Vac-155Vac, the maximum dc link voltage isulated
at 525V. Therefore, a high-voltage traction batt€t@0V-

13
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420V) can be charged using a second stage dc-doaes
converter with 0.5-0.8 voltage gain [17]. The dklivoltage
variation can alleviate the need for a wide voltggia range
for the second stage, which in turn reduces thdgdes
difficulty and increases the efficiency of the seg¢stage of
an onboard charger.
B. PFC Interleaved Inductors

The interleaved inductors are designed to meet tl
requirement of high power factor over a wide ranfec-
line voltages. Two non-coupled inductors are usElde
inductance value of inductors should be high enotagh
avoid discontinuous current mode (DCM) operatioreath
boost leg and acquire high power factor, low tb&imonic
distortion (THD) and low electromagnetic interfezen
(EMI). As the inductance value of an inductor deses at
higher operating currents, the nominal value ofigtdnce is
designed at maximum operating current, correspgnttn
full load condition (3.3kW) at lower line voltagB¥Vac).

The inductance value is determined by the switchin
frequency, which is set at 100kHz, and the currgmtle of
each boost leg, which is selected to be equal % @0) of
the maximum ac current, yielding

Vu_:'.mm Y :Vﬂ{‘ i
: — + = {1 — - }
‘&f ‘F::.max -}:11' ¢ max

The maximum current through the inductor can b

calculated as
2P
et T PO (1 +
2V

¢, min

In this work, 7@w permeability Kool Mutoroid cores from
Magnetics Inc. are used, which are wound up withuB8s
of 1.5mm litz wire. The inductance value is 3#Dunder no
load and 100H under full load at low line-voltage. The dc
resistance is around 3@

1 &

2 — i
1, max L2 max 9

C. DC-link Capacitor

The capacitance value of dc-link capacitor is deteed
by the low frequency voltage ripple and the loadadd-up
time. The capacitor needs to be large enough tpresp the
voltage ripple (as small as 109%wv) of minimum dc link
voltage) caused by low-frequency line voltage.

In addition, the capacitor is required to store wgyo
energy to hold up the dc-link voltage above its imum
value for 20ms (thold) under full load, yielding

(-. 2Pﬂ.maxfhﬂ!’d
o 2 2
Ifa.max TV o mm

Therefore, the capacitance of dc link capacitosas at
88QuF. In this work, two 220F/400V aluminum capacitors
are connected in series to handle 600V. Eight gradisuch
series-connected capacitors are connected in eharall
create 88(F.
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D. SiC MOSFETs
MOSFET selection is considered based on (1) higindr
to-source breakdown voltage; (2) low turn-on

I-¢
Grid

Mode |
Selector

Fig.5.PFC control loop for the bridgeless totemepol
interleaved PFC coverter

A resistance; (3) fast switching turn-on and tufitiones;
(4) low gate charge; (5) small parasitic outputazdgance;
and (6) fast reverse recovery body diode. SiC power
MOSFETs (C2M0160120D) from CREE are selected due to
their

superiorities in p__ um (1 terms
of high voltage ™ | !
capability, low o turn-

on resistance and low reverse recovery charge dfy bo
diode. In this work, ;six SiC FETs (1200V/36A) arsed.
They are able to h e voltage spikes twice ofimarn
dc-link voltage. 80 turn-on resistance reduces the
conduction losses. The reverse recovery chargeodif b
diodes is 192nC, in comparison to typicahQ@ for a
counterpart Si body diode, making it suitable f&iCPhigh
power CCM operation.
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E. Control Scheme

A dual closed-loop pulse-width-modulation (PWM)
control, as shown in Fig. 5, is used to control #Hwedc
interleaved PFC stage. During G2V operation, thdingc
voltage vac is sampled, and a phase-locked-loop (PLL) is
used to create a reasonably accurate sinusoiddiheac-
current reference. The dc-link voltaged€) is sampled and
controlled through a voltage-loop compensator tgulate
the magnitude of ac-line current reference. By stitjg the

Fig.7.Waveform of Input voltage

Fig.6.Sic-based bidirectional bridgeless buck boost
interleaved PFC converter

Ac-line current magnitude or input power, the dukli
voltage can be regulated\adc ,ref. Inductor current of each
interleaved phaseagcl or iac2) is individually sampled and
controlled through a current loop compensator tapsha

sinusoidal inductor current. Inductor current, eaitthan ac- Fig.8. Waveform of Output voltage and current
line current, is regulated to ensure equal curskatring in
two interleaved phases and achieve fast response. 300V to 600V. With consideration of efficiency apdwer

Two compensated duty cyclesll(2: d1=1-d2; d3,4: density, the switching frequency is selected atkH20 The
d3=1-d4) are generated by each current-loop compensateircuit specifications are listed in Table I.
Due to the operation of proposed topology, the ayties
have abrupt changes between “0” to “1” at ac lie€oz The proposed ac-dc PFC stage is tested for perfarena
crossing. By comparing the duty cycles to triangterier evaluation of converting both high-voltage and leottage
signals, four PWM signals are then generated tarebn ac-line voltages. Fig. 7(a) illustrates the ac-limdtage, ac
S1~$4. To achieve synchronous rectificatid®y andS6 are  current and boost-phase inductor current of the BtEGe at
turned on or turned off complimentarily based or th110Vac/60Hz ac-line voltage during G2V charging at
polarity of ac-line voltage. 1.5kW. In order to avoid current spikes, a softrtsia
V.During V2G operation, a negative feedback is inti@tl generated at every ac-line zero-crossing by sestingmber
to the ac-line current reference to shape a sidabac of disabled switching cycles. The dc-link voltage i
current with 1800 phase difference with respecth® ac- regulated at 420V with a 20V/120Hz ripple, whictbi of
line voltage. the dc-link voltage. The PFC stage is then condewith a
second stage dc-dc converter. The voltage and rdurre
waveforms of the PFC stage at 220Vac/60Hz ac-line
VI. EXPERIMENTALRESULT voltage, 2kW G2V charging are shown in Fig. 7(d)eTdc-

A 3.3kW prototype of the proposed SiC-based briege!l Iink voltage ripple is reduced to 15V, which is &5f dc-
PFC stage, as illustrated in Fig. 6, is designetidaveloped [Nk voltage. At 2kW, the G2V efficiency can reaap to
to validate the operation of the converter. Theveoter is 98.8% at 220Vac/60Hz ac-line voltage. The powetofais

capable of converting 86Vac-265Vac universal siqglase cl0Se to 0.99. _
ac-line voltages into a regulated dc-link voltagettie rane A load step change is set from 1.2kW to 700W tduate
of the dynamic response of the converter. The acdimeent

drops from 10A to 6.4A. The dc current of the PR&ge
drops from 4A to 2.6A. It takes 0.18 seconds, spoading
to 10 ac-line cycles, to regulate the dc-link vgétaFig. 8
shows the charger dynamic response of load stepgeha
(from 1.2kW to 700W). Fig. 9 demonstrates the eficy of
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Fig.9.Simulation and experimental efficienciesthé
proposed PFC converter at different ac-line vokaayed
output power
proposed converter for 110Vac and 220Vac inputagals.
As shown in this figure, the simulation results Gquistely

coincide with the experimental measurements.

VII. CONCLUSION

This paper outlines a SiC-based bidirectional laidgs
totem-pole interleaved PFC converter as the frodtstage
of an onboard charger for PEVs. Due to its bidiosal
operation, the proposed converter is suitable fith 652V
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