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Abstract—A standard onboard charger typically consists of
two stages, wherein the power factor correction (PFC) acts as the
initial stage. This study explores various bridgeless PFC topolo-
gies - bridgeless totem-pole PFC (BTPFC), interleaved BTPFC,
and H-bridge with sine-triangle PWM (SPWM) - suitable for a
3kW power rating. 650V gallium nitride high electron mobil-
ity transistor (GaN HEMT) devices, known for their superior
switching characteristics and thermal performance, are used in
these PFC topologies. This research provides a comprehensive
analysis of the distinct losses encountered in each PFC topology,
including conduction losses, switching losses, deadtime losses,
and partial hard turn-on losses. Taking into account a bridge
loss limit of 1 — 1.5% of total power and a thermal limit of
70% of the maximum junction temperature, the paper presents a
detailed selection of switching frequency for the PFC topologies.
Additionally, it provides a comparison of boost inductors and
filter capacitors based on the chosen switching frequency.

Index Terms—Power Factor Correction (PFC), Bridgless PFC,
Interleaved, GaN HEMT, Totem-pole PFC, Switching loss, Con-
duction loss, Deadtime loss, Patial hard turn-on loss, Switching
frequency. Filter inductor, Filter Capacitor, Onboard charger

I. INTRODUCTION

Electric vehicles (EVs) are increasingly recognized as ef-
ficient alternatives to traditional internal combustion engine
vehicles due to a substantial reduction in carbon emissions.
Although battery technologies have advanced, providing im-
proved mileage at reduced costs, the availability of charging
infrastructure remains a bottleneck for widespread EV adop-
tion. On-board chargers (OBCs) integrated within EVs are
emerging as a promising solution, allowing for direct charging
from the utility grid at the nearest power outlet [1]-[4].

OBCs present a cost-effective solution and minimize the
required charging infrastructure. Overcoming the challenge
of reduced charging time, which is crucial for widespread
adoption, can be achieved by increasing the power rating
of the OBCs. However, as the power rating increases, both
cooling demands and converter size typically escalate. Given
that OBCs are integrated within vehicles, achieving high power
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Fig. 1: Single-phase two-stage on-board charger for EV

TABLE I: Specifications for PFC

Input Output Power Peak Power

Voltage Voltage  Rating Efficiency Density

V) V) kW) (%) (W/in®)
230+5% 420+5% 3.0 > 98.5 > 60

density and efficiency becomes imperative [1], [3]. These
objectives can be achieved by utilizing the emerging wide
bandgap devices like gallium nitride (GaN) high electron mo-
bility transistors (HEMTs), which feature significantly small
switching and conduction losses and zero reverse recovery
losses.

Fig. 1(a) shows the architecture of a typical singe-phase
two-stage OBC. The initial stage comprises a power factor
correction (PFC) converter, which converts AC power from the
utility grid to DC, ensuring compliance with the power quality
standards of the utility grid. The subsequent stage involves
an isolated DC-DC converter responsible for delivering the
requested charging voltage and current to the battery [2].
Over the years, numerous PFC rectifier topologies have been
developed [5]. Among these, bridgeless totem-pole boost-
based PFC (BTPFC) topologies stand out for their simplicity
and superiority over conventional boost PFC, primarily due to
reduced conduction losses. Moreover, zero reverse recovery
and low switching losses of the GaN HEMTSs enable hard-
switched BTPFC to operate at a switching frequency well
above 100 kHz. Therefore, for the same losses, the filter size



TABLE II: Details of the devices used in the PFC design

Devices Part Number Current Rating (A)  Voltage Rating Qg Qoss Qrr Body diode Rys(on) (mQ) Ryje Tj(maz)
2500 IOOOC (V) (nC) (nC) (nC) dl‘Op (V) 2500 10000 (OC/W) (OC)
GaN HEMT GS66508T 30 25 650 6.1 64 0 4.2 50 90 0.5 150
GaN HEMT GS66516T 60 47 650 14.2 134 0 4.2 25 45 0.27 150
SiC MOSFET  UJ4SC075009B7S 106 86 750 75 242 338 1.1 9 12.6 0.31 175
and, hence, the converter size can be significantly reduced. High freq. Low freq.
bridge bridge

To the best of the authors’ knowledge, limited literature
exists regarding the comparison of different bridgeless totem-
pole PFC topologies utilizing GaN switches. This paper aims
to address this gap by providing a comparison of three topolo-
gies: (a) BTPFC, (b) interleaved BTPFC, and (c) H-bridge with
sine-triangle PWM (SPWM). A comprehensive discussion is
presented on various losses incurred in the bridge, including
deadtime loss, partial hard turn-on loss, etc. Additionally,
the paper discusses the selection of an effective switching
frequency based on the 1.0% and 1.5% bridge loss limits,
as well as the thermal limit. Furthermore, a comparison of the
boost inductor and capacitor filter sizes is provided. Finally,
the design is conducted for two 650V GaN HEMTs with
current ratings of 30A and 60A.

II. BRIDGELESS PFC TOPOLOGIES AND GAN DEVICE

This article examines three bridgeless PFC topologies
for comparison. The bridgeless totem-pole PFC (BTPFC) is
shown in Fig. 2(a). It consists of a high-frequency bridge
(HFB) operating at the switching frequency whereas the low-
frequency bridge (LFB) switches at the line frequency of
50Hz. To reduce losses (switching, conduction, deadtime and
partial hard turn-on), GaN HEMTs are employed in the HFB.
In contrast, switches in LFB experience only conduction
losses, and hence, SiC MOSFETs (750V) with lower on-state
resistance are selected. The interleaved BTPFC is depicted in
Fig. 2(b). It comprises of one LFB and two HFBs, which
are interleaved. Due to 180° phase shift, the current ripples
from the two HFBs partially cancel each other out resulting
in lower filtering requirements and higher power quality. This
interleaving operation can enhance efficiency and power den-
sity performances by reducing inductance requirements and
minimizing switching losses via current distribution. Similar
to BTPFC, GaN HEMTs and SiC MOSFETSs are utilized in
HFBs and LFB, respectively. Lastly, the half-bridge topology
with sine-triangle PWM (SPWM), shown in Fig. 2(c), employs
GaN HEMTs in both bridges, both of which are HFBs.

Fig. 1(b) shows the required specifications for the PFC
stage of the OBC. To fulfill these requirements, suitable GaN
HEMTs and topology must be chosen. Table II lists the devices
considered for the PFC stage.

III. ESTIMATION OF BRIDGE LOSS

Estimation of losses incurred in the bridges is important
for selecting the effective switching frequency of the PFC.
While devices in the LFB experience only conduction losses,

(a) BTPFC

High freq. Low freq.

bridge

Qs

Or

High freq.
bridge

Fig. 2: PFC topologies selected for comparison

the HFB experiences losses due to conduction, switching,
partial hard turn-on, and reverse conduction during deadtime.
Detailed descriptions of these losses are provided as follows:

A. Conduction loss (Peond)

It refers to the power loss due to the on-state resistance (7,,,)
of the device. v4c = Vi sinf denotes input AC source and
for unity power factor, boost inductor current is represented
as iy, = I, sinf. For BTPFC, LFB devices Q4, @3 conduct
in the positive cycle and negative cycle, respectively. The
conduction loss of 3 and )4 are same and given by (1).
In the HFB, )7 and () operates with complementary gate
signals. Given that the duty cycle d of ()5 is known (see (2),
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M = Vi, /Vae), the conduction loss of HFB devices @1 and
(- can be obtained as (3) and (4), respectively.
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For interleaved BTPFC (see Fig. 2(b)), the input current
is shared between the two HFB and for balanced operation,
current in both HFB i = (I,;/2) sin 6. Therefore, conduction
loss of HFB is given by (5) whereas LFB’s condution loss
remains the same (see (1)). For H-bribe topology with SPWM
(see Fig. 2(c)), conduction loss is given by (1).

_ Irion GaN
PRt = 2 )

B. Switching energy Loss (Fsy)

It refers to the energy dissipated in a power device due
to the overlap between voltage and current during switching
transitions. (FEy,,) is influenced by various factors such as the
characteristics of power device, power, and gate loop layout,
PCB parasitics, etc. In this work, switching losses are obtained
experimentally, using the widely used double pulse test (DPT)
method. The circuit schematic, and ideal waveforms of DPT
are shown in Fig. 3(a) and Fig. 3(b), respectively. As observed,
two pulses of different pulse width applied to active device
(Qp). In the first pulse, required load current built through
the inductor and by turning @ off and on, the turn-off and
turn-on switching transitions are captured. Fig. 4 shows the
DPT experimental setup. DPT is conducted for the two GaN
HEMTs listed in Table II for different values of load current.
The total switching energy loss (Es = FEon, + Eofy) is
obtained as a function of load current as shown in Fig. 5.
Then, the switching power loss of the devices in the HFB can
be obtained as (6). The switching loss of the LFB is zero.

f&—ﬁé&mw (©)

where, i € devices in the HFB (@)1, Q2 for BTPFC and Q1 —
@4 for the interleaved BTPFC and the H-bridge topology).

Eors

Turn-off  Turn-on
transition transition

(b)

Fig. 3: Circuit schematic and Ideal waveforms of DPT
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Fig. 5: Switching loss E,,, as a function of load current

C. Deadtime energy loss (Eqt)

For sufficiently large inductor current, the turn-off transition
of the active device (p in Fig. 6(a)) is completed before
the end of deadtime (T;) (see light yellow shaded region in
Fig. 6(b)). The complementary GaN HEMT (Qr in Fig. 6(a))
starts conducting in the reverse direction, similar to the body
diode behavior of MOSFETs. However, a significantly large
voltage drop (= 4 — 6V) exists across the GaN device in
the reverse direction. This leads to deadtime energy loss (see
(7)). Here, the reverse conduction behavior of GaN HEMT
is represented as voltage drop vp in series with a resistance
rp. f(iy) represents the turn-off time of the active device,
which is a function of the inductor current, is also obtained
experimentally from the DPT. However, when f(iz) exceeds
deadtime for small currents, Eg; = 0.
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Eg1 = (vp +irrp)(Tae — f(ir)) (7

When @Qr is gated-off, its channel gets completely turns
off after a delay time (T, 5f(qy) (see light green shaded region
in Fig. 6(b)). Then, the GaN conducts in the reverse direction
for the duration (Ty; — T, I f(d)), leading to deadtime loss Fg;o
given by (8). The total deadtime loss over the line cycle can
be obtained as (9).

Eato = (vp +irrp)(Tat — Togf(ay) ¥

D. Partial hard turn-on energy loss Ey,,

For a small value of inductor current, the time required for
turn-off transition of the active device (Qp in Fig. 6(a)) is
large and it can exceed deadtime duration i.e.,f(ir) > Tyz.
Therefore, the complementary GaN HEMT (Qr in Fig. 6(a))
gets turned on under significant drain-source voltage (Vj),
leading to partial hard turn-on loss (see eql0). Vi can be
estimated using (11). However, for large currents, QQp turns
on under zero voltage conditions leading to negligible losses,
ie., E,, = 0. Total power loss due partial hard turn-on is
estimated using (12).

Vs
Epm:/ vCoss(v)dv (10)
0
Ve (f(in) — Tar)
Vs = - 11
7ir) (b
fou [*
Py = 22 / Ep(6) d6 (12)
0

where, 65 corresponds the value of inductor current (i, =
I, sin @) for which f(ir) = Ty.

IV. ESTIMATION OF EFFECTIVE SWITCHING FREQUENCY
OF PFC TOPOLOGIES

In bridgeless PFC topologies, both input and device currents
exhibit sinusoidal characteristics (¢, = I,isin#). Conse-
quently, losses vary throughout the entire line cycle. As
conduction loss is independent of switching frequency, it can
be directly determined (see (1)-(5)). In contrast, switching,
deadtime, and partial hard turn-on losses are a function of
switching frequency. Hence, energy losses are obtained first,
which is then integrated over the entire line cycle to yield
average energy losses. Power losses are subsequently obtained
by multiplying the average energy losses by the switching
frequency. (6), (9) and (12) shows the power losses due to
switching, deadtime and partial hard turn-on respectively.

To estimate the effective switching frequency (fs,,) of the
PFC topologies, it is crucial to consider the limit on the bridge
loss along with the thermal limit. While a bridge loss limit of
1—1.5% is considered in this design, the thermal limit of the
GaN HEMT is considered to be 70% of the maximum junction
temperature (see Table II) i.e.,

Tip = 0.7 (max) (13)

According to this thermal limit (7},), each GaN device is
permitted a maximum loss of Pry, = 10.86 W. Estimation
of Pry, is shown in (14) for a heat sink temperature (7},)
of 80°C. Here, T, = 105°C, Ry(ripmy = 1.8°C/W and
Ryjey = 0.5°C/W.

_ Ty —Ths
Roje) + Rocrinn

Prr (14)

Estimation of f,, is conducted for different PFC topologies,
the above-mentioned bridge loss limits, and GaN devices
with different current ratings, as shown in Fig. 7. Fig. 7(a)(i)
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PFC topologies and different bridge loss limits for GaN HEMT
T

TABLE III: Switching frequency estimation based on thermal and bridge loss constraints (in kHz)

30A GaN Device (GS66508T) 60A GaN Device (GS66516T)
PFC Topology Thermal | Bridge Loss Limits Selected fsw Thermal | Bridge Loss Limits Selected fsqw
Limit 30W 45 W 30W | 45 W Limit 30 W 45 W 30W | 45 W
BTPFC 75 124 225.5 75 75 141 152 284 141 141
Interleaved BTPFC 392 192 358.6 192 358.6 273 131 224 131 224
H-Bridge 75 -15.15 85.35 - 75 141 60.75 126.5 60.75 126.5

shows the plot of fs, versus power using 30A GaN device
(GS66508T) for multiple PFC topologies. The solid lines
shows the estimated f,, for different power levels (0.9-3 kW)
for a bridge loss limit of 30 W (1% of rated power). The
dashed lines shows the f,,, estimated considering the thermal
limit. As evident, the estimated fs, reduces for both bridge
loss and thermal limits with the increase in power rating for all
PFC topologies (see Fig. 7(a)(i)). This is due to the significant
increase in conduction and other losses with power level.
Consequently, the switching frequency should be selected for
the highest power level. Moreover, it should be the minimum
of fs, estimated from the bridge loss limit and thermal limit.

It can be observed from Fig. 7(a)(i) that f,,, estimated
from the loss limit is smaller that estimates from the thermal
limit for all power levels for the H-bridge topology using the
30A GaN device. As all devices in the H-bridge topology
are hard switched, losses in the bridge exceeds the loss limit
(30W) before its junction temperature reaches T7j,. Also, it
can be observed that fs,, < O at the 3kW power, suggesting
that the H-bridge topology cannot achieve a bridge efficiency
of 99% using the 30A GaN device. However, when bridge
loss limit is increased to 45W (1.5% of rated power), the
H-bridge topology can achieve f,, > 0. But, now it is
limited by the thermal limit (see Fig. 7(a)(ii)). Although f,,
estimated from the thermal limit for the BTPFC is same as
the H-bridge topology, fs, estimated from the loss limit is
much higher due to significant reduction in switching losses
(only two devices in the HFB) (see Fig. 7(a)). Therefore, f,,
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selected in the BTPFC is restricted by the thermal limit. In
contrast, interleaved BTPFC has significantly higher thermal
limit due to significantly reduced conduction loss. Therefore,
fsw selected in the interleaved BTPFC is guided from the loss
limit.

Estimation of fs,, for different PFC topologies using 60A
GaN device (GS66516T) is shown in Fig. 7(b). Due to reduced
Rg(jc) and 7op, fsw estimated from the thermal limit and loss
limit are higher compared to the 30A device. The observations
using the 60A devices is similar to that obtained form the
30A device. The f,, estimated considering the thermal limit
(10.86 W) and bridge loss limits of (30,45 W) for the PFC
topologies using 30A GaN device is shown in Table III.
Limited by thermal constraints, fs,, is selected as 75 kHz
for the BTPFC. For the interleaved BTPFC, 192 kHz and
358.6 kH z are estimated for 30W and 45W bridge loss limits.
Whereas the H-bridge topology cannot achieve 99% at the
3kW power, it is limited by the thermal constraints to 75 kH z
for 45W bridge loss limit.

Similarly, fs, estimated considering the thermal limit
(12.07W) and bridge loss limits of (30,45 W) for the PFC
topologies using 60A GaN device is shown in Table III. As
evident, BTPFC can operate with 141 kH z, limited by the
thermal constraint. In contrast, both interleaved BTPFC and
H-Bridge topology are constrained by bridge loss limits. For
bridge loss limits of (30 W) and (45 W), interleaved BTPFC
can operate at 131 kHz and 224 kH z, respectively whereas
the H-bridge topology can operate with only at 60.75 kH z and
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TABLE IV: Inductor requirement for different topology

Switching  Frequency seen

Topology Inductance
frequency by Inductor
BTPEC 140kHz 140kHz 130 uH
Interleaved by, 200kHz 60 uH
BTPFC
H-bridge with =, 1y, 240kHz 80 uH
SPWM

126.5 k H z, respectively. The reduction in switching frequency
is due to the increase in switching losses (approximately
double).

V. DESIGN CONSIDERATIONS FOR BOOST INDUCTOR AND
FILTER CAPACITORS

This section basic consideration for designing the boost
inductor and the filter capacitors.

A. Boost inductor (Lg)

Estimating the ripple in the current is crucial for designing
the boost inductor of the PFC topologies. At a given point in
time, ripple in the inductor current (Aiy) can be represented
as (15). The percentage inductor current ripple (e) can be
expressed as (16).

sinf
Niy = YPESO 0 in )T, (15)
Lq
N
e="2"C — KMsing(1 — Msin0) (16)
T
K
. b M>05 a7
KM(1—-M) M<05
VdcTs

As evident, ¢ I:/aries over the line cycle. Therefore, it is
important to estimate the maximum value of e, which is
obtained as shown in (17). For the given specifications of PFC
(see Table I), M = 0.765 and €,,,,, = K/4 is obtained. Now,
inductors can be designed for a given percentage inductor rip-
ple. Table IV shows the inductor values obtained for different
PFC topologies. It can be observed that inductor requirement
of interleaved PFC is the smallest as it can achieved significant
ripple cancellation. Due to double frequency seen, the induc-
tance requirement also reduces considerably. BTPFC has the
highest inductor requirement for the same ripple.

B. Differential-mode (AC side) capacitor Cy

The differential-mode capacitor Cy supplies the ripple in
the inductor current. Based on the maximum inductor current
ripple estimated in Section V-A and maximum peak-peak
voltage ripple, C; can be estimated as (18). For the same
current ripple, Cy = 1uF is used for all the PFC topologies.

_be_ 1
AV 8AV
C. DC bus capacitor (Cy.)

The DC bus capacitor Cy. is mainly designed to handle
the ripple due to the second-harmonic power flowing in the
converters. The ripple due to second harmonic power can
be expressed as (19). Assuming a 10% ripple in the output
voltage, Cy. = 568.3uF is obtained. Moreover, rms current of
the dc bus capacitor is given by (20).

VdcTs
4Ly

Cq * T (18)

£
= Vae
AVdC B 477Flinecdc (19)
P
ICdC(Tms) = \[Tvd =54 (20)

The ripple due to switching frequency is small and can be
neglected.

VI. CONCLUSION

This paper provides a comprehensive comparison of three
single-phase PFC topologies: (a) bridgeless boost-based totem-
pole PFC (BTPFC), (b) interleaved BTPFC, and (c) H-bridge
with sine-triangle PWM, focusing on a 3kW power rating for
fast onboard EV chargers. It offers a detailed discussion on
the switching, conduction, deadtime, and partial hard turn-
on losses incurred by the PFC converters. By considering
bridge loss limits of 30 W(1%),45 W (1.5%) and thermal
limits (7;p = 105°C), the paper deliberates on the selection
of the switching frequency. Furthermore, the design takes into
account GaN HEMTs with 30, A and 60, A current ratings.
It was observed that interleaved BTPFC with a 30, A device
exhibits the best performance. BTPFC and interleaved BTPFC
with a 60, A device demonstrate similar performance. Also,
interleaved BTPFC has the lowest inductor requirement due
to ripple cancellation. Filter capacitor requirements on both
AC and DC side are similar.
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