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Design and Implementation of a Reconfigurable
Phase Shift Full-Bridge Converter for Wide
Voltage Range EV Charging Application

Dingsihao Lyu™, Graduate Student Member, IEEE, Thiago Batista Soeiro™, Senior Member, IEEE,

and Pavol Bauer

Abstract—This article analyzes, designs, and tests a reconfig-
urable phase shift full-bridge (r-PSFB) isolated dc/dc converter
well suited for a wide voltage operating range. By controlling the
auxiliary switches, a series or parallel connection can be realized
on the secondary side of the converter. As a result, the r-PSFB
converter can operate in an extremely wide voltage range without
compromising the system efficiency. In this article, the character-
istics of the r-PSFB converter and its design considerations are
discussed in detail. An 11-kW r-PSFB converter prototype with
640-840-V input voltage and 250-1000-V output voltage ranges is
developed and tested to validate the analysis and efficiency of the
designed converter. A comparative study against a conventional
PSFB converter is conducted for benchmark purposes to prove
the advantages of the studied r-PSFB converter.

Index Terms— Battery charging, electric vehicle (EV) charging,
isolated dc/dc converter, reconfiguration, versatile converter, wide
voltage range.

I. INTRODUCTION

HE electric vehicle (EV) market has been expanding

with an unprecedented speed in the last decade. The
EV cars stock market nearly doubled from 2018 to 2020,
as shown in [1]. Along with this trend, the demand for
public EV charging stations rises. While the most common
EV battery voltage architecture is 400 V, adopted by many
manufacturers, namely, Tesla, Nissan, and so on, new high-
end EV models with 800-V battery voltage architectures are
introduced to the market. Examples are Porsche Taycan [2],
Hyundai IONIQ 5 [3], Rapide E from Aston Martin [4], and
Lucid Air from Lucid Motors [5]. Therefore, the challenge
for the EV chargers is clear: to provide charging services to
different cars, which will demand the power electronic circuits
to operate with extremely wide battery voltage ranges.
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Fig. 1. Output voltage ranges of the dc/dc converter prototypes reported in

the literature over the last decade (only the studies with prototype design and
testing are included).

However, to the best of our knowledge, there is no study in
the literature that has provided experimentally verified isolated
dc/dc converters for battery charging that is able to charge both
the 400- and 800-V EVs [6]-[33]. Fig. 1 shows the output
voltage ranges of the available literature of dc/dc converters
researched for the EV charging application from the year of
2011 up to 2021. It is shown that, while most of the designs
are focused on the 400-V EV charging, none can charge both
the 400- and 800-V EVs.

The problem lies in the poor efficiency performance when
these converters are made to operate in such a wide voltage
range. As can be seen from Fig. 1, the most popular isolated
dc/dc converter topologies used in EV charging are the phase
shift full-bridge (PSFB) converter and the series resonant
circuits.

2332-7782 © 2022 1IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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PSFB converters are widely used in EV charging applica-
tion [6]-[15]. For the PSFB type converter, the highest effi-
ciency is obtained at the smallest phase shift or, in other words,
the highest operating output voltage. The efficiency will drop
as the phase shift increases or the output voltage decreases.
The work developed [7] proposes a hybrid-switching PSFB
converter that provides a wide ZVS range for the leading leg
and ZCS for the lagging leg. Interestingly, the freewheeling
circulating losses can also be avoided, and the undesirable
voltage overshoots can be clamped well. However, additional
passive components (two diodes, a capacitor, and an inductor)
are needed, and the complexity of the converter increases.
The work in [8] proposes a secondary-side PSFB converter
that extends the soft-switching operation and eliminates the
circulating current, but it comes with the cost of two additional
switches and more complex control. In [13], a ZVS full-
bridge dc/dc converter is proposed, which incorporates a diode
clamping circuitry on the primary side for the voltage ringing
clamping and uses an asymmetrical PWM modulation together
with an additional auxiliary inductor to reduce circulating
losses.

Due to its simple structure and ability of soft-switching,
resonant converters are also widely used for EV charging
[16]-[25]. The resonant converter is typically controlled by
frequency modulation. The highest efficiency is typically
achieved when the switching frequency is close to the resonant
frequency in the inductive region of the resonant tank, i.e.,
when the converter voltage gain is mostly given by the
transformer turns ratio, and the H-bridge inverter operates with
zero-voltage-switching (ZVS) turn-on. The efficiency of the
resonant converter will drop when the voltage regulation is
necessary, particularly at low voltage values where the circuit
has to operate deeply in the inductive equivalent impedance of
the resonant tank. In order to improve the ZVS performance
and efficiency of the resonant converter in the wide output
voltage range EV charging application, the work in [18]
proposes to connect the LLC converter to a SEPIC converter.
The SEPIC converter can follow the EV battery voltage
and provide a wide dc-link voltage range so that the LLC
converter can always operate in proximity of the resonant
frequency. The work in [19] proposes to reduce the switching
frequency range of the LLC converter by adding delay-
time control on the secondary side rectifier switches, which
unavoidably increases the cost and complexity of the converter.
Lee et al. [22] suggest the addition of a buck converter to the
LLC converter so that the LLC converter operates with a fixed
switching frequency, and the buck converter is responsible for
the voltage regulation. However, the buck converter still suffers
from an efficiency drop when operated at a low duty cycle.
In [24], a three-level CLLC resonant converter is presented,
whereby, combining the working modes of the three-level full-
bridges, the voltage regulation range is extended, while the
controllable switching frequency is kept within a reasonable
range. The work in [25] introduces an asymmetric parame-
ters methodology for designing the CLLC converter for EV
charging application so that the switching frequency range can
be reduced for the bi-direction EV charging application.
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Unfortunately, none of these studies have investigated the
charging of 800-V EVs, and no experimental results have
shown high-efficiency performance in the operation range of
400- and 800-V EV chargings, which is crucial for the current
and future EV charging applications. Moreover, when the
charging voltage up to 1000 V has to be considered, the
usage of rectifier diodes with 1700-V voltage rating becomes
necessary if the aforementioned topologies are used, which are
more commercially limited and less compatible compared to
650- and 1200-V ones, which have a broad application range
in several other markets.

In order to extend the output voltage conversion range of a
PSFB converter without compromising the system efficiency
performance in the whole operational range, Sun ef al. [34]
proposed the idea of a reconfigurable structure PSFB con-
verter, which can be reconfigurable by connecting its two
isolated outputs in series for the high-voltage operation and
parallel for the high-current operation. This idea is further
extended in [35]-[38], where a wide input voltage range of
100400 V and the output voltage range of 15-96 V are
realized with more reconfigurable steps on the secondary side
and one more switching leg on the primary side to enable
the series and parallel reconfigurations in the primary side.
Since this idea of the reconfigurable structure also enables
the utilization of lower current and voltage rating devices on
the secondary sides and does not bring extra complexity to the
control stage, it seems well suited for the wide output volt-
age EV charging application. The paper from Sun et al. [34]
focuses on the design of a constant peak power protection
control scheme for the circuit, a nonlinear smooth transition
control method for the two configurations, and the stability
analysis of the reconfigurable structure. The works presented
in [35]-[38] describe more in detail the circuit operation
principle and design considerations, including the separate
transformer design for better thermal management, ZVS per-
formance, and loss calculation for the reconfigurable PSFB
(r-PSFB) converter. However, the steady-state analytical model
for calculating the current stresses of the circuit’s components,
which requires adjustments to that of the conventional PSFB
converter, is not elaborated. The voltage ringing issue on the
secondary side, which is inherent for the PSFB type converter,
is not addressed in these works, whereas, in the EV charging
application, where the output voltage is up to 1000 V, the
voltage ringing needs to be well-clamped to ensure the safe
operation of the rectifier diodes. Moreover, the aforementioned
works have not considered different output filter structures,
which requires different numbers and voltage/current ratings
of the filter components. This tradeoff has to be examined
in the EV charging application. Last but not least, no actual
benchmark comparison between the r-PSFB converter and the
conventional PSFB converter has been carried out for the wide
voltage range necessary for the EV charging application.

This article designs and implements an r-PSFB converter
based on the idea of the wide output range and constant
peak power (RS-WOCP) converter from Sun et al. [34] for
the wide output voltage EV charging application. Compared
to a traditional PSFB converter, the operational phase shift
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r-PSFB converter with separate or joint output filter and RCD snubber with iy 123 illustrated. Note that Suux,123 can be either mechanical switches

or semiconductor transistors. The separate output filter structure is chosen in this work for further analysis and design. (a) Separate output filter and RCD

snubber (selected topology). (b) Joint output filter and RCD snubber.

angle of the converter during the charging of the low voltage
battery is reduced, resulting in high efficiency in a larger
operational output voltage range. In the series connection
mode, the output voltage of the converter is twice that of
a single secondary side, allowing the converter to charge up
to 1000 V without the necessity of employing higher voltage
rating devices (e.g., 1700-V Schottky diodes), while, in the
parallel connection mode, the converter can charge the 400-V
EVs more efficiently due to the reduced current stresses on
the components. Another important point to highlight is that
most of the conventional EVs designed for the lower cost mass
market will employ the conventional 400-V battery. Therefore,
an EV charger may be mostly used for this voltage class.
Based on this, it is wise to implement circuits where high
power efficiency is found within the 400-V battery charging
profile, even if the output voltage range covers the 800-V
battery charging. Unfortunately, the conventional PSFB and
most resonant converters used for EV charging would feature
a buck-type regulation, and naturally, the peak efficiency range
would be found at the highest voltage range, i.e., the 800-V EV
battery class. This technical feature highlights the suitability
of the r-PSFB converter for the application of EV charging.

The contribution of this article is given as follows.

1) Extended analysis and comparison of the two possible
output filter and snubber circuitry structures of the
r-PSFB converter.

2) The detailed steady-state model of the r-PSFB converter
is presented and verified, while the modification to the
conventional PSFB converter is explained thoroughly.

3) The complete design guideline of the r-PSFB converter
is elaborated, including the essential snubber circuitry
design.

4) The benchmark design of an 11-kW r-PSFB converter
and a conventional PSFB converter for the wide output
voltage range (250-1000 V) EV charging application is

presented, which was not yet elaborated on in the liter-
ature. This is particularly important because it identifies
the r-PSFB converter as an outstanding solution for the
future EV market.

5) The experimental results show excellent charging cycle
efficiency for both 400- and 800-V EV battery chargings
and a peak efficiency of 98.3% using SiC switches,
which is among the highest reported in the available lit-
erature analyzing the PSFB converter in the EV charging
application with proven prototype experimental results.

This article is arranged as follows. In Section II, the

structure, the reconfiguration by the auxiliary switches,
and the operation principle of the r-PSFB are introduced.
In Section III, the steady-state analytical modeling of the
r-PSFB converter is presented. In Section IV, the design
requirements based on the existing charging standards are
introduced. In Section V, an 11-kW r-PSFB converter and
a conventional PSFB converter are designed with the same
requirements for the wide voltage range EV charging applica-
tion. Finally, the experimental test of the r-PSFB prototype is
presented in Section VI, in which the efficiency performance
of the r-PSFB converter prototype over the whole operational
range is shown. An IGBT and an SiC MOSFET are chosen
for the benchmark of efficiency performance. The comparison
between the r-PSFB and conventional PSFB converter is
also explained in Section VI. The conclusion of the work is
presented in Section VIL

II. OPERATING PRINCIPLE OF THE R-PSFB CONVERTER
A. Schematics

There are two possible structures that can be implemented
for the r-PSFB converter, namely, the separate output filter
structure and the joint output filter structure. Fig. 2 shows the
circuit schematics of these two possible r-PSFB converters.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 13,2023 at 09:33:22 UTC from IEEE Xplore. Restrictions apply.
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Three-winding transformer is used, which has one primary
and two secondary windings, with the turns ratio n:1:1. The
primary side is fed by the dc input voltage Vi, and a full-
bridge inverter. An equivalent leakage inductance L, is present
in the primary side, which is utilized for the ZVS turn-on of
the transistors. Each of the secondary sides is connected to a
diode bridge rectifier. For the separate output filter structure,
as shown in Fig. 2(a), each diode-bridge rectifier is connected
to an output filter, Loy and Coy, and an RCD snubber circuitry.
Three auxiliary switches, Sux.1.23, connect the two secondary
sides and enable two different configurations according to their
switching states. For the joint output filter structure, as shown
in Fig. 2(b), the two diode-bridge rectifiers are first connected
to Saux.12.3, and they share a common output filter and RCD
snubber. The RCD snubber circuitry is used for mitigating the
voltage spikes on the secondary side diodes [39]. The lossless
turn-off snubber Cy,, for the H-bridge is also shown on the
primary side of the transformer. The auxiliary switches can be
implemented by either mechanical switches or semiconductor
transistors, as shown in Fig. 2.

B. Reconfiguration by the Auxiliary Switches

In an EV charging session, before the actual energy transfer
happens, there is a communication period. During this period,
the EV will inform the charger about the required charging
voltage and current value [40]. By comparing the voltage value
to a preset boundary voltage value Vi, the r-PSFB converter
can be configured into a parallel connection configuration if
the required charging voltage value is lower or as a series
connection if the value is higher, by setting the states of the
auxiliary switches Suux.12.3. It is important to mention that the
r-PSFB converter does not need to change the configuration
during operation in the EV charging application. This is
because the voltage range of the 400-V EVs does not overlap
with the 800-V EVs [41]. Therefore, the boundary voltage
value V. can be set to be higher than the maximum charging
voltage of the 400-V EV batteries and lower than the minimum
charging voltage of the 800-V ones, such as 500 V. As a
result, the converter operates only in series connection when
charging 400-V EVs and operates only in parallel connection
when charging 800-V EVs. With this mechanism, the use
of mechanical switches as the auxiliary switches for the
reconfiguration, such as relays, is possible, which has less
cost and lower equivalent conduction resistance. The detailed
explanation is given as follows.

1) Series Connection: When Syux; is kept ON, while Syux23
are maintained OFF, the negative rail of the upper rectifier is
connected with the positive rail of the lower rectifier, making
the two secondary side circuits connected in series. This
configuration, in principle, enables the converter to supply high
output voltage with the utilization of diodes and capacitors
with halved voltage rating compared to those of the conven-
tional approach.

2) Parallel Connection: When Sy is kept OFF, while
Saux.2,3 are maintained ON, the positive and negative rails of the
two rectifiers are connected in parallel. The parallel connection
configuration enables the converter to operate in the low output
voltage range with lower current stresses on the components.
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TABLE I

COMPARISON OF THE CURRENT AND VOLTAGE
STRESSES BETWEEN FIG. 2(a) AND (b)

separate structure joint structure

Vistress of DRCD V::p 2V;:p
Vitress of Crep ‘/cp 2‘/cp
Vitress of Cout ‘/oul/2 Vout
Vitress of Saux,l Vout 2VCP
Vistress of Saux,2,3 Vout/2 ch
Istress of Saux,1 Tout Z.s,jt
Istress of Saux,2,3 Iout/2 7;s,jl/2

C. Comparison Between the Two Structures of the
r-PSFB Converter

While the primary side H-bridge, transformer, and sec-
ondary side rectifier diode bridges are identical, the two
different structures shown in Fig. 2 have differences regarding
the output LC filter, the RCD clamping snubber circuitry, and
the auxiliary switches.

From the perspective of the component counts, the separate
output filter structure has double component counts for the
RCD snubber circuitry and the LC filter.

However, the separate output filter structure enables the
usage of low-voltage-rating diodes and capacitors for Dgrcp,
Crep, and Coy, whose voltage rating is half compared to
that of the joint output filter structure. This is particularly
interesting in the EV charging application where the voltage
is up to 1000 V, as it enables the usage of 1200 V or even
lower voltage rating diodes for the RCD circuitry, which is
much more commercially available and compatible compared
to the 1700-V diodes that have to be used in the joint output
filter structure. From the perspective of cost, components with
lower voltage ratings usually have lower costs. Thus, the usage
of halved voltage rating components’ counters the double
components’ count.

In addition, the separate output filter structure has slightly
lower current and voltage stress on Sy 123. Placing before
Lout, Saux.123 in the joint structure needs to block the rectifier
diode bridge voltage, and the current passing through has the
current ripple that is determined by Loy In comparison, in the
separate structure, Syux, 123 needs to block the output voltage,
and the current through Sy« 123 in the separate structure equals
the average of that of the joint structure but without the current
ripple. As a result, the separate structure enables the usage of
slightly lower current/voltage rating switches for Sy 123 or
has less conduction loss compared to the joint structure when
the same switches are used. The comparison of the current
and voltage stresses between the separate and joint structure
is summarized in Table I. V., represents the clamping voltage
determined by the RCD clamping snubber circuitry, which will
be further explained in Section V.

Moreover, the separate output filter structure has a better
performance clamping the diode voltage on the two secondary
sides because the two separate output capacitors help share
the output current evenly on the two secondary sides. On the
other hand, in the joint filter structure, the diode voltage on

Authorized licensed use limited to: TU Delft Library. Downloaded on March 13,2023 at 09:33:22 UTC from IEEE Xplore. Restrictions apply.
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TABLE 11
CIRCUIT PARAMETERS IN THE EQUIVALENT PSFB SHOWN IN FIG. 3

series connection  parallel connection

Saux123 1.0,0 0,1,1
Neff n/2 n
Loul(eff) 2Lout,sp Lout,sp/2
Cout(eff) Coul,sp / 2 2C'oul,sp
7:Ws(eff) iWs 22’Ws
ID(eff) D 2ip
is(eﬁ) 7;s,sp 2is,sp

> is(cﬂ')
O
L +
e . O
12J i Ipem |28 D112y Dy

in

hy
—-—: :—, 1 C V.
out
Lo' ° || ¢ iWs(eﬁ) _I__:I
B D Cout(eﬁ)
Aegr 1
SzzJKE off szzl Dy,
9

Equivalent circuit of Fig. 2(a) without the RCD snubber circuits.

SZIJ

Ci .S“J
A
|

O

Fig. 3.

the two secondary sides is prone to uneven sharing due to
the mismatch of the diode resistance between the two sides.
As a result, the joint output filter structure has a higher risk
of overvoltage on the diodes.

Last but not least, the separate output filter structure facil-
itates thermal distribution, as the losses are divided into two
parts instead of concentrating on one spot.

In conclusion, in the EV charging application, the halved
voltage stress, less current stress, better voltage clamping, and
thermal distribution of the separate structure shown in Fig. 2(a)
prevail over the higher component counts compared to the
joint structure shown in Fig. 2(b). The joint structure can be a
better candidate in the low-power/-voltage application, where
the usage of the common 650-/1200-V diodes is possible, and
the inductor does not have a severe thermal issue. The r-PSFB
converter with the separate output filter and RCD snubber will
be further analyzed and designed in this work.

D. Operating Principle

Being either the series or parallel connection configuration,
the r-PSFB converter shown in Fig. 2(a) can be seen as
equivalent to a conventional PSFB with a turns ratio of neg:1,
an output inductor Lgygetr, and an output capacitor Cougefr),
whose values change for the two configurations. Fig. 3 shows
the schematics of the equivalent conventional PSFB converter
of the r-PSFB converter, and Table II lists the equivalent circuit
parameters for the series and parallel configurations.

Like the conventional PSFB converter, the r-PSFB converter
is typically controlled with a fixed switching frequency by
phase shift modulation where the two half-bridge legs are
operated with a 50% duty cycle. The phase shift refers to
the asynchronization between the operation of the two half-
bridge legs. When the phase shift is null, the diagonal pair

IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, VOL. 9, NO. 1, MARCH 2023

DCM mode

Y
~

Fig. 4. Typical switching signals and current waveform of the PSFB converter
in CCM and DCM.

of transistors (S;; & S, or S;p & S»1) turn on and off
synchronously, making the primary side voltage vap alternate
between +Vi, and —Vji,, which is equivalent to a bipolar
modulation of the H-bridge inverter. When the phase shift is
nonnull, the synchronization is broken, and the parallel pair
of transistors (S;; & Si2, S21 & S) are able to be kept
turned on at the same time, creating a third circuit state that
is vap = 0 V, leading to a controllable unipolar modulation
action. Due to the impressed i, caused by L, and inverter
bridge capacitance, the switching transition in each half-bridge
leg creates a lowered di,/dt and dvag/dt on the primary side,
making the ZVS turn-on possible and lowering the turn-off
losses of the transistors. Fig. 4 shows the typical switching
signals and current waveform of the PSFB converter in the
continuous conduction mode (CCM) and the discontinuous
conduction mode (DCM).

The operation can be divided into five phases: the active
phase where the diagonal transistors conduct (77 — T3), the
reactive phase where the parallel transistors conduct (T, — T3),
the commutation phase where the secondary side current
commutes among the rectifier diodes (7; — 74), and two
transition phases during the dead time of each bridge (T, — 75
and T3 — T;). A complete description of the operation of a
PSFB converter can be found in [42]. The r-PSFB converter
can be modeled in the same way as an equivalent PSFB
converter with the relation shown in Table II.

III. STEADY-STATE ANALYTICAL
MODELING OF THE R-PSFB

The steady-state analytical model of the r-PSFB in CCM
and DCM is introduced and verified by simulation in this
section. For the simplicity of the circuit analysis, the following
assumption is made.

1) T =T;, I;n =1, and Iy, = I},.
2) T3 = T;’, and Ip3 = 11/73.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 13,2023 at 09:33:22 UTC from IEEE Xplore. Restrictions apply.
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TABLE III

CLOSED-FORM STEADY-STATE ANALYTICAL MODEL OF THE CURRENT STRESSES ON THE TRANSISTORS OF THE R-PSFB CONVERTER. HEREIN, IT IS
ASSUMED THAT THE BoDY DIODES OF THE MOSFETSs Do NOT CONDUCT, AND THUS, THE MOSFET
CHANNELS PROCESS THE WHOLE IMPRESSED CURRENT

IGBT MOSFET
Is(1ead).rms \/((1521 + Il + 12)D + 212 Toon fsw) / (6n2) \/(—(Isz + Ia)(Ua + I — 13)C + 12 + Ioly + 13)/(6nZ)
IS(lead),avg ((Isl + ISZ)D + ZISITOanSW)/(4neff) ((ZC +2D — 1)151 + (C +2D — 1)152 - CIS3)/(4neff)
TAD(cad),rms \/((1 -D- C)(Ifl + 1522 + 151152) + 2f5W[523Tp20)/(6n§ff) 0
ccM TaD(ead),ave (1 =D = C)q + Is2) + 2 fswls3Ty20) / (47eir) 0
Is(iagg).rms ((2fswToon — 1C + 1)1 — I (C — 1)1 — IZ(C — 1))/ (6n;) \/(—(Isz + 1) (I + Iy — Ig)C + 12 + Inlg + 12)/(6n2)
Is(age) ave (2fswToon — C + I — In(C — 1))/ (4nesr) (=Clp — ClIg + Iy + I2) / (4netr)
TAD(agg),ms FswI3 0/ (3n2y) 0
IAD(lagg),avg fow Is3Tp20/(2neff) 0
Isgat.ms \/13D/(6n%) JIBCIT + D)/(6n2,)
Isgead),avg IoD/(4nesr) Io(—2fwTi + D)/ (4nefr)
IAD(lead),rms A/ fszszsz/(3n§ff) 0
DCM IAD(]ead),avg fSWISZTf/(Qneff) 0
Is(iagg).rms Iszz(zfszf + D)/(ﬁngff) 1522 2fswTr + D)/(Gngﬁ)
Is(iagg).ave Io(2fsw Tt + D)/ (4nesr) Io(2fswTt + D)/ (4netr)
IAD(lagg),rms 0 0
IAD(lagg),avg 0 0

This is because the transition phases are very short (tens or
several hundred nanoseconds) compared to the other three
phases. The influence of them on the overall current waveform
is, therefore, negligible.

First, the initial inductor current I;; can be calculated
according to the following equation:

Voul(Vin(ret) - Vout)
4fsw Llotal(ref) Vin(ret)

Isl = Ioul - (1)
where Vingery and Liuairery are the reflected input voltage
and the total inductance value seen from the secondary side,
respectively, and they are calculated by

Vin(ref) = Vin/nefr (2)
Ltotal(ref) = La(ref) + Lout(eff) = Lo*/nsz + Lout(eff)~ (3)

If I;; > 0, the converter operates in CCM; otherwise,
it works in DCM. In CCM, the duty cycle D is calculated as
in (6), and the commutation cycle C is calculated according
to (7). In DCM, the current starts from zero; thus, I,; = 0.
The duty cycle D in DCM is calculated differently, as in (6).

With I, D, and C calculated, I3 and I,;23 can be
determined based on the voltage-second balance on the induc-
tor. Iy, can be calculated by (4) for both CCM and DCM
operations

13-2 — Isl + D(Vm(ref) Voul). (4)
2f sthotal(ref)

I3 can be calculated by (5) if the converter operates in
CCM. If in DCM, I3 equals zero

CcCcM
I R )
2f SW Ltotal(ret)

Furthermore, the current stresses on the components can be
calculated. Table III summarizes the closed-form steady-state
analytical model of the current stresses on the transistors for

the r-PSFB converter. In Table III, T, and Ty, are the times
for i, to drop from 7,3 to O and from O to /,;, respectively,
and they are calculated by (9). T, is the time for iy to drop
from I, to 0, and it is calculated by (10), as (6)—(10), shown
at the bottom of the next page.

The effective rms and average current stress on the sec-
ondary side diodes Ip ms/ave(etfy can be calculated by (11)—(13).
Depending on the configuration, the actual diode current stress
can be calculated from the effective value based on Table II

IS iy = /(L = O I3 + L1 o) + CIA + 12 /6 (11)

12N ey = \ IR fou Ty + DPM) /6 (12)
ID,avg(eft) = Iout/z- (13)

The rms current stress on the primary winding of the
transformer, Iwp,ms, can be calculated based on (14) and (15),
as shown at the bottom of the next page, in CCM and DCM
operations, respectively.

The effective rms current stress on the secondary winding
of the transformer, Iws ms(efr), can be calculated using the turns
ratio neg by (16). Depending on the configuration, the actual
secondary winding current can be calculated from the effective
value based on the conversion shown in Table II
(16)

IWs,rms(eft) = IWp,rms * Neff.

In order to show the accuracy of the analytical model,
LTspice simulation of an r-PSFB converter using IGBTs is
conducted, and the simulation results of the current stresses on
the semiconductors are compared to the analytical modeling
results, as shown in Fig. 5. The compared current stresses
include the leading and lagging leg transistor rms and aver-
age current I5(ead/lag)ms/avg> the leading and lagging leg anti-
parallel diode rms and average current /ap(ead/lag),ms/ave, and
the secondary side rectifier diode rms and average current
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Fig. 5. Analytical modeling and LTspice simulation results of the con-
ventional PSFB and the r-PSFB converter (Vi, = 640 V, I,y = 10 A, and
L, = 10 uH using IGBT as transistors).

Ip rmsiave- It can be seen that the analytical model corresponds
well with the simulation model.

I'V. DESIGN REQUIREMENTS OF THE POWER MODULE

The design requirements for the r-PSFB converter shown
in Fig. 2 are summarized in Table IV.

Vout 18 set to be 250-1000 V, in which the converter operates
in the parallel connection mode within 250-500 V and in the
series connection mode within 500-1000 V.
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TABLE IV
DESIGN REQUIREMENTS OF THE R-PSFB POWER MODULE

requirements values
input voltage Vj, range 640-840V
output voltage Vou range 250-1000V
switching frequency fow 15kHz
power rating P 11kW
MAX output current Ioy(max) 30A

MAX output current peak-to-peak ripple Iout ripple(max) 9A
MAX output voltage peak-to-peak ripple Vougripple(max) 10V
MAX ambient temperature Ty(max) 40°C

Vin 1s in the range of 640-840 V so that a battery energy
storage device, such as a SAMSUNG ESS [43], can be
connected to the dc bus between the typically employed grid-
connected ac/dc rectifier and this dc/dc converter, allowing
power buffering during charging and consequently reducing
the grid burden. Therefore, V;, is not a controllable parameter,
which is different than some designs where the Vi, could be
controlled according to the output voltage [18], [23].

The grid phase voltage in Europe is typically 230 V+10%,
which gives a maximum peak line-to-line voltage of 620 V.
Considering some nonideal voltage drop on the circuitry and
components, the minimum output voltage of the three-phase
ac/dc converter is 640 V.

The maximum input voltage is 840 V, which is limited by
the input battery, and this enables the usage of the 1200-V
voltage rating devices with a 30% safety margin taken into
consideration.

The maximum output power is set to be 11 kW to enable
the utilization in household applications in the European
market. The household three-phase wiring typically has a
phase voltage rating of 230 V and a current rating of 16 A.
Therefore, the maximum power that can be drawn without
modification of the electric wiring is limited to 11 kW.

Loutripplemax) and Vougripple(max)  are set according to the
current version of the charging standards IEC 61851-
23:2014 [40].

((4 Iout fiw er (ref) — Vout) La + Vin n Loul) Vout Llota] (ref)

pECM _ (6)
_Vout(voutLa(reD + Vin(ref) (Ltotal(ref) - La(ref)))La + VinnLoutLtotal(ref) Vin(ref)
C = Louler (410ulfsw Ltotal(ret) - Voul) Vin(ret) + LoutLa V(,zut (7)
(_er (Ltotal(ret) - La(ref))voul + VinnLoulLlota](ref))Vin(ret) - er VozulLa(ret)
DDCM ) I()ul Voulfithota](ret) (8)
Vin(ref)(vout - Vin(ref))
Tp20,00n = Ip3,p1 - Lo/ Vin 9)
Tf = Is2 . Llotal(ret)/vout (10)
joem \/—(lsz + I3) (Lo + Ly — 13)C + I + Il + I3 (14)
Wp,rms — 3 2
Mot
JDCM \/1522(2fszf + DPM) (15)
Wp,rms — 3712
eff
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V. DESIGN OF THE 11-kW R-PSFB CONVERTER

A. Boundary Voltage Value of Reconfiguration V,, and the
Auxiliary Switches

As it has been explained in Section II-B, the boundary
voltage value of reconfiguration V. is the voltage value below
which the r-PSFB will be configured into a parallel connection
configuration and above which it will be configured as the
series connection configuration.

Since the voltage range of the 400-V battery architecture is
between 200 and 500 V, and that of the 800-V+ architecture
is within the range from 500 to 1000 V, V. is set to be 500 V
so that the converter can charge the 400-V EVs in parallel
connection configuration and charge the 800-V ones in the
series connection configuration.

B. Transformer Turns Ratio n

The turns ratio can be determined based on the input
and output voltage ranges and V.. In order to be able to
provide a maximum 500-V output voltage in the parallel
connection configuration based on V., the transformer turns
ratio considering 5% nonideal voltage and duty cycle loss on
the components can be calculated as

Vinmin
n = M 950, — 1.216.

re

A7)

This turns ratio can also ensure a maximum 1000-V output
voltage for the series connection configuration.

C. Output Inductance Value Ly,

Based on the maximum current ripple requirement, the mini-
mum output inductance value Loyimin) could be set. The output
current ripple in CCM, in which the current of the inductor is
always above zero, can be calculated by

Vin,ref(1 - D)D 1

Tout ripple = . . 18
out,ripple Lom ) ﬂ N ( )
Iout,ripple(max) happens when D = 0.5 and Vj;, = in(max)-
Based on that, Loyminy could be calculated as
1 Vinref.
Lout(miny = 2 el _ 13 mH. (19)

2f SW 41 out,ripple(max)

Note that, in the parallel connection mode, the effective
inductance value is half of L.y, as shown in Table II; thus,
in order to ensure the maximum current ripple requirement in
the parallel connection configuration, the factor 2 in (19) has
to be considered.

D. Output Capacitor C,y,

In the series connection mode of the r-PSFB converter,
each of the output capacitor can have a voltage ripple of
0.5 Voutripple(max)> but, at the same time, the maximum output
current ripple can be reached in the series connection mode,
which is only 0.5 oy ripple(max), When the Loy value is designed
according to (19). As a result, the minimum capacitance value

1207

TABLE V

WORST CASE CURRENT AND VOLTAGE STRESSES OF THE COMPONENTS
FOR THE 11-kW CONV-PSFB AND THE R-PSFB WITH THE SAME
DESIGN REQUIREMENTS, AS IN TABLE IV, ASSUMING THAT L, =

10 uH
conv-PSFB r-PSFB
T1GBT(lead), rms(max) 20.8 17.7
T1GBT(lead).avg(max) 8.8 8.7
T ADIGBT(lead).rms(max) 31.6 18.0
IADIGBT(lead) avg(max) 20.3 9.0
worst-case
current (A) IIGBT(lag),rms(max) 343 25.2
1 a9).2 : 239 17.6
IGBT(lag).ave(max)
IADIGBT(lag) rms(max) 2.8 1.7
I ADIGBT(lag).avg(max) 0.3 0.1
I rms(max) 21.0 15.4
I avg(mar) 15.0 11.0
worst-case VIGBT(max) 840 840
voltage (V) VD(max) 1382 690
desired V & 1 IGBT channel 1200V, 49A 1200V, 36A
ratin g (30% margin) IGBT anti-parallel diode 1200V, 45A 1200V, 26A
g8 (5070 marg rectifier diode 1974V, 30A 986V, 22A
semiconductor IGBT version IKQ50N120CT2 IKW40N120CS6
choices SiC MOSFET version C3M0032120D IMW120R030M1H
] rectifier diode C5D25170H IDW30G120C5B

for the single output capacitor of the r-PSFB converter in the
series connection mode operating in CCM can be calculated as

I out,ripple(max)

=3.75 uF. (20)

COUt(mm) l6f swW vout,ripple(max)

When it is in the parallel connection mode, each output
capacitor needs to withstand Viugripplemax)» While the current
ripple of each output inductor is 0.5 oy ripple(max)- As a result,
in the parallel connection mode, the minimum required output
capacitance is halved compared to that of the series connection
mode. Overall, the minimum output capacitance value of the
r-PSFB converter equals Couyminy calculated in (20).

In the actual experiment, C4AQLBW6130A3NK from
KEMET is used for the prototype, which has a capacitance
value of 130 ¢F and a voltage rating of 500 V. The capacitance
value is overrated, but it facilitates the test of the prototype as
it provides stable output voltage.

E. Semiconductor Choices

With the calculation of the transformer turns ratio n and
the output inductance Loy, the worst case current and voltage
stresses on the components can be analyzed based on the
analytical modeling if the leakage inductance value L, is
defined, and based on which the current and voltage rating
of the semiconductor components can be chosen.

Table V summarizes the worst case current and voltage
stresses for the semiconductor components assuming that
L, = 10 uH, which is close to the value obtained in
the designed transformer used in the prototype discussed
in Section V. The current stresses are obtained from the
analytical modeling, and the voltage stresses are based on the
maximum input voltage and turns ratio n.

It can be seen that, for the same design requirements,
the r-PSFB converter experiences less current stresses on the
primary side IGBTs (25.2 A) than the conventional PSFB
converter (34.3 A), which means that lower current rating
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Fig. 6. Cost versus current rating of different Infineon IGBT series. The cost
is obtained from Digi-Key per piece on February 2, 2021.

transistors can be utilized in the r-PSFB converter, resulting
in lower costs, as indicated in Fig. 6. The primary reason
is due to the parallel connection configuration. As can be
seen from Fig. 5, all the current stresses except /iGBT(ead),ave
have almost halved current stresses when the circuit is in
parallel connection configuration. Note that the maximum
power requirement also limits the series connection operation
for high output current cases. This is again beneficial for
the current stresses as the converter always benefits from the
current stress reduction brought by the parallel connection
configuration when the output current is high. The same
difference is seen in the current stresses of the secondary side
rectifier diodes.

Moreover, the voltage stresses on the secondary-side rec-
tifier diodes of the r-PSFB are halved compared to that
of the conventional PSFB thanks to the series connection
configuration, while the primary side voltage stresses on the
transistors are the same. This allows the usage of cheaper and
lower voltage rating diodes for the r-PSFB converter.

Considering a 30% safety margin for the current and voltage
rating of the IGBT and diode, the ideal current/voltage ratings
and the chosen semiconductor components are calculated and
listed in Table V. Note that an SiC MOSFET is also selected
in order to compare the performance against the IGBT version.

F. Magnetic Components’ Design

The procedure for the design of the magnetic components
is shown in Fig. 7. In order to avoid an overly large number
of solutions, the Litz wire gauge is set to be AWG 41, and
the core material for the transformer is Ferrite N87 and for
the inductor is Metglas Amorphous Cut Core. Five design
variables are considered for finding the optimal design. The
core shape for the transformer is the EE core and for the
inductor are the UU cores. The number of stacked cores
is selected to be within 1-5 for the transformer design and
1-2 for the inductor design. The current density allowed in
the wires is set from 4.5 x 10° to 13.5 x 10° A/m’. The
maximum allowed flux density is set to 80% of Bgy of the
core material. The worst case scenarios for the designs of
the magnetic components happen when the winding currents
are the maximum, which results in the most losses. For the
conventional PSFB converter, the worst case scenario is when
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—
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e Core loss (iGSE)
e Winding loss (skin, proximity)

‘ Thermal check ’—
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Choosing optimal design
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Fig. 7. Design procedure for the magnetic components.

Vin = 840 V, I,,e = 30 A, and V,,, = 366 V, and for
the r-PSFB converter, the worst case scenario is when V;, =
840 V, Iy = 22 A, and Vy,e = 500 V. The loss calculation
is conducted using the method from [44]. Combining the total
losses Prae (W) and the surface area A, (m?) of the magnetic
components, the temperature rise A7 is estimated based on
the following equation [45]:

0.833
AT = _ P .
10 - Apag

The specifications of the chosen designs are listed in
Tables VI and VII, respectively. The winding arrangement
indicates the way how the primary and secondary windings
are positioned. P-S-S indicates that the primary winding
is wounded first and then the two secondary windings on
top of it.

There are two  interesting  observations from
Tables VI and VII. First, even though the r-PSFB converter
requires the transformer to have two secondary windings and
two inductors, compared to the single secondary winding
transformer and a single inductor for the conventional PSFB
converter, it does not result in increments of total magnetic
components losses and core material. This is because the
winding current stresses on the magnetic components are more
relaxed in the r-PSFB converter compared to its conventional
counterpart. Second, it can be seen from Table VII that the
temperature rise of the two inductors of the r-PSFB converter

21

Authorized licensed use limited to: TU Delft Library. Downloaded on March 13,2023 at 09:33:22 UTC from IEEE Xplore. Restrictions apply.



LYU et al.: DESIGN AND IMPLEMENTATION OF r-PSFB CONVERTER

TABLE VI

TRANSFORMER DESIGNS FOR THE CONV-PSFB
AND R-PSFB CONVERTERS

design specs PSFB r-PSFB
switching frequency fow 15-kHz 15-kHz
core material Ferrite N87 Ferrite N87
core shape EE 70/33/32  EE 70/33/32
No. cores stacked 5 5
Litz wire gauge AWG 41 AWG 41
Litz wire strands (primary) 600 600
Litz wire strands (secondary) 600 600
No. parallel wires (primary) 2 2
No. parallel wires (secondary) 1 1
No. primary turns Npim 8 12
No. secondary turns Ngec 13 10
winding arrangement P-S P-S-S
MAX flux density Bmax 0.186-T 0.248-T
worst-case loss 66.3-W 61.5-W
temperature rise AT 54.6°C 50.2°C
power density 7.2-kW/L 7.1-kW/L
TABLE VII

INDUCTOR DESIGNS FOR THE CONV-PSFB AND R-PSFB CONVERTERS

design specs PSFB r-PSFB
No.inductors 1 2
inductance Loyt 1.3-mH 1.3-mH
switching frequency fow 15-kHz 15-kHz
core material Metglas Metglas
core shape AMCC0080  AMCCO0080
No. cores stacked 2 1
Litz wire gauge AWG 41 AWG 41
Litz wire strands 600 600
No. parallel wires 2 2
No. turns NV 34 48
MAX flux density Bmax 1.248-T 1.248-T
air gap 1.6-mm 1.7-mm
worst-case loss (single) 70.2-W 28.3-W
temperature rise AT (single) 80.0°C 52.9°C
power density (total) 10.1-kW/L 7.9-kW/L

is around 27 °C lower than that of the conventional PSFB
converter. This demonstrates that, by having two separate
inductors, the thermal management of the r-PSFB converter
is simpler than the conventional PSFB converter, as the heat
is distributed in two spots.

G. Auxiliary Switches

The auxiliary switches Syx123 can be implemented by
using either semiconductor transistors or mechanical switches.
Since the configuration of the r-PSFB converter is deter-
mined prior to the charging process, the auxiliary switches
do not need to change during the operation of the converter.
Therefore, the mechanical switch TO9GV1L14-5 is chosen for
Saux.12,3 for the r-PSFB converter prototype, which is a power
relay with 30-A current rating. Compared with semiconductor
transistors and diodes, the mechanical switches bring fewer
conduction losses.

H. RCD Snubber Circuitry

Fig. 8 shows the schematic of the RCD clamping circuitry,
with the reflected leakage inductor L,er, the transformer
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Fig. 8. Schematic of the RCD clamping circuitry.

stray capacitor Cy, and the rectifier diode junction capacitor
Crec highlighted. Due to the resonance between L, er) and the
combination of Cy and C, a voltage ringing will happen on
the secondary side diodes with a peak voltage value that can
reach twice the value of the secondary winding voltage [39],
which can be critical for the safe operation of the rectifier
diodes. With the design requirements of this power module
stated in Section III, the voltage ringing on the rectifier diodes
of the r-PSFB converter, Viinging, can be calculated as

840

=2.— =1400 V
n 1.2

Vin,max

Vringing =2 (22)

which will cause overvoltage failure on the 1200-V diodes.
Therefore, the RCD clamped snubber circuitry is designed to
clamp the voltage ringing to a reasonable value, V¢p, so that
a safe operation for the 1200-V rectifier diodes is ensured.

First, the capacitor of the RCD circuitry, Crcp, is chosen
to be 200 nF so that it can be regarded as a voltage clamping
device with enough energy storage capacity. Second, the
clamped voltage value V., of the r-PSFB converter is set to
be 1000 V, considering that 1200-V diodes can be used. The
resistance value of the resistor of the RCD circuitry, Rrcp,
can be calculated according to the following equation:

(ch - Vo(max)) : (ch - Vd(max))
fsw : Csec ' ch ' (2Vd(max) - ch)

in which V,(max) and Vymax) are the maximum output and
input voltages of the RCD circuitry, respectively. Cgec is the
combination of Cy and Cy, which can be estimated by
measuring the resonant frequency of the voltage ringing, with
L, known. In this r-PSFB converter, Cy.. is measured to be
around 400 pF, Vymax = 840/1.2 = 700 V, and Vourmax =
1000/2 = 500 V. Thus, based on (23), 62-kQ resistors
are chosen for the RCD snubber. Assuming the same Ci,
5.2-kQ resistors are chosen for the conventional PSFB con-
verter to clamp the diode voltage at around 1480 V, while
diodes with 1700-V voltage ratings are used. The loss dissi-
pated on Rrcp can be calculated by

(ch - Voul,max)2
Rrcp .

Rgrcp = (23)

Prep = (24)

VI. EXPERIMENTAL RESULTS OF THE R-PSFB PROTOTYPE

Based on the designs in Section IV, an 11-kW, 640-840-V
input voltage, 250-1000-V output voltage r-PSFB dc/dc con-
verter prototype is built, and set-point open-loop tests are done
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Fig. 9. 11-kW r-PSFB converter prototype.

TABLE VIII
EQUIPMENT USED IN THE EXPERIMENT

equipment model

TI TMS320F283790
Delta Elektronika SM1500-CP-15
Delta Elektronika SM1500-CP-15
Yokogawa WTS500
Yokogawa DLM3000

microcontroller
input power supply
output electronic load
power analyzer
oscilloscope

to verify the efficiency performance of the system. Fig. 9
shows the constructed prototype. The power density of the
converter is 2.3 kW/L. Table VIII lists the equipment used in
the test.

Figs. 10 and 11 show the operational waveform of the
r-PSFB converter in parallel and series connection modes
under various Vg, and I,y conditions.

From Fig. 10, it can be seen that, in the parallel connection
mode, the output current is shared between the two rectifiers,
enabling the use of diodes with a lower current rating com-
pared to the conventional PSFB converter. When operating
with a 5-A output current, as shown in Fig. 10(a), (c¢), and (e),
the difference in the current of the two secondary sides
is unnoticeable. When operating with 30-A output current,
as shown in Fig. 10(b), (d), and (f), the current difference
becomes observable. This uneven sharing of current is due
to the difference in impedance of the two secondary sides,
which can come from the transformer’s secondary winding,
diode resistance and inductor impedance, and relay contact
resistance. To have an even current sharing, screening on
those components is needed to ensure identical impedance.
However, even without screening, less than 2 A of current
difference is observed when this r-PSFB prototype is operating
with Iou(max)» Which is around 6.7% compared to Iouimax)-
This demonstrates the feasibility of the parallel connection
operation of the r-PSFB converter.

From Fig. 11, it can be seen that, in the series connection
mode, the output voltage is shared evenly between the two
rectifiers, with less than 50-V difference, enabling the use of
diodes and capacitors with lower voltage rating compared to
the conventional PSFB converter.
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Fig. 10. Operational waveform of the r-PSFB converter in the parallel

connection mode with Vi, = 640 V. voy1/2 and iy 2 are the output voltage and
current of the two secondary side rectifiers, measured after the RCD circuitry
and on the output inductors, respectively. (a) Vour = 250 V, Ioye = 5 A.
(b) Vour =250V, Iouwt =30 A. (¢) Vou =320V, Loy =5 A.(d) Vou =320V,
Tout =30 A. (@) Vour =500V, Iyt =5 A. (f) Vour =500 V, Iy =22 A.

Fig. 12 demonstrates the voltage clamping effect of the RCD
snubber circuitry with different Vi, and connection modes.
It can be seen that, with the maximum input voltage of 840 V,
the diode voltages are clamped exactly at 1000 V in both
parallel and series connection modes. Therefore, the safe
operation of the 1200-V diodes is ensured.

Fig. 13 shows the tested efficiency of the r-PSFB con-
verter together with the estimated efficiency of the r-PSFB
and the conventional PSFB converter. The estimated effi-
ciency is obtained using the steady-state analytical model in
Section III, and the loss calculation formulas are introduced
in [44] and [46].

It can be seen from Fig. 13 that the tested efficiency of
the r-PSFB converter corresponds very well to the estimation.
For the IGBT version, the peak efficiency, #peak, of 97.6%
is obtained in series connection mode when Vi, = 640 V,
Vour = 1000 V, and I, = 10 A, and an efficiency of 97.4%
is tested in the parallel connection mode when Vi, = 640 V,
Vour = 490 V, and I, = 20 A. For the SiC MOSFET version,
Npeak Of 98.3% is obtained in the series connection mode when
Vin = 640 V, Ve = 1000 V, and I, = 10 A, and 98.2%
is tested in the parallel connection mode when Vi, = 640 V,
Vour =490 V, and I, = 20 A.

The benefits brought by the reconfiguration are clearly seen
in Fig. 13. First, the r-PSFB prototype has an efficiency jump
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Fig. 11. Operational waveform of the r-PSFB converter in the series
connection mode with Vi, = 640 V. (a) Vour = 660 V, Loy = 5 A.
(b) Vour = 660V, Towt = 15 A. (C) Vour = 830V, Towt = SA. (d) Vour = 830V,
Loue = 10 A. (e) Vour = 1000 V, Loy =5 A. (f) Vou = 1000 V, Loy = 11 A.
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Fig. 12. Voltage clamping of the RCD snubber circuitry. vg1> is the diode
voltage of the two secondary sides. (a) Vi, = 840 V, series connection.
(b) Vin = 840 V, parallel connection. (c) Vi, = 640 V, series connection.
(d) Vin = 640 V, parallel connection.

when the configuration changes, keeping the efficiency high
in a wider voltage range compared to the conventional PSFB.
This occurs because the equivalent duty cycle increase leads
to lower current stress on the semiconductors, as shown in
Fig. 5. From V,, = 1000 V, the efficiency of both r-PSFB and
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Fig. 13.  Estimated and measured efficiencies of the conventional PSFB
and the r-PSFB converter (Viy = 640 V, fi = 15 kHz, L, = 8.6 uH,
Cap = 470 pF, fow = 15 kHz, Ry = 11 Q for the IGBT version and 5 Q
for the SiC MOSFET version, and T; = 125 °C). (a) SiC version. (b) IGBT
version.

TABLE IX

ESTIMATED CHARGING CYCLE EFFICIENCY OF THE
CONVENTIONAL PSFB AND R-PSFB

Teycle conv-PSFB (IGBT) r-PSFB (IGBT) r-PSFB (SiC)
T)400V,50.36kWh,CCCV 922 96.4 97.8
71800V, 79.2kWh,CCCV 96.0 96.4 97.8

conventional PSFB converter starts to drop as Vi, decreases.
This is due to the increasing phase shift that is required to
step-down V,,;. However, thanks to the reconfiguration from
voltage to current doubler, the phase shift of the r-PSFB
converter is reset at Vo, = 500 V. Less current stresses are
found on the primary side semiconductors during the current
doubler operation (Vyy: = 250 — 500 V), which improves the
efficiency performance when Vg is low.

For a better comparison between the conventional PSFB
and the r-PSFB, the charging cycle efficiency #cycte proposed
in [46] of the two converters is estimated, which can be
calculated by (25). #(t) is the instantaneous efficiency of the
converter during charging, and 7, is the total charging time

T:
Heycle =/ n(t) - dt.
0

Two EV batteries representing a 400-V EV and an 800-V
EV are considered: one with 400-V nominal voltage and
50.35-kWh capacity, and the other with 800-V nominal voltage

(25)
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TABLE X

BENCHMARK OF THE R-PSFB CONVERTER DESIGNED IN THIS WORK WITH THE PSFB TYPE DC/DC CONVERTERS USED FOR EV CHARGING
APPLICATIONS FOUND IN THE LITERATURE. Itgansistor 1S THE CURRENT RATING OF THE TRANSISTORS @ 7, = 100°C
USED IN THE LITERATURE; PD IS THE VOLUMETRIC POWER DENSITY

reference ‘/Out,min [V] %ut,max [V] Iout,max [A] P [kW] typetransismr Itransistor [A] Tlpeak [%] fSW [kHZ] PD [kW/L]
[6] 200 450 11 3.3 Si MOSFET 29 96 200 /
[7] 250 420 / 3.6 hybrid 48 98.1 42 /
[8] 50 200 / 1 IGBT 60 94 50 /
[9], [10] 250 400 20 6 SiC MOSFET 30 96.5 200 12
[11] 250 450 4 2 Si MOSFET 46 98.3 50 /
[12] 300 400 / 1 / / 95 / /
[13] 209 350 3.75 1.2 Si MOSFET 35 95 100 /
[14] 270 420 7.85 33 Si MOSFET 31.6 97.9 100 /
[15] 270 420 7.85 33 Si MOSFET 31.6 98.3 50 /
this work 250 1000 30 11 IGBT 40 97.6 15 2.3
this work 250 1000 30 11 SiC MOSFET 45 98.3 15 2.3
= 400 |= 130 = This is mainly due to the large phase shift when Vg is low.
- a9 = On the other hand, as demonstrated, the r-PSFB converter is
S 350 - g able to reset the phase shift by changing the series connection
= 300 128 2 mode into the parallel connection mode when charging the
l : l 1 400-V EVs, resulting in less current stress on the semicon-
98.0 12 I | ductors, which has been observed from Fig. 5. Therefore, the
S 96.0 | conduction, switching, and magnetic losses are also reduced.
= 94.0 - | Moreover, the loss from the RCD snubber of the conventional
920 >/// | PSFB converter is also higher because of the high-voltage
900 | | | | . .
0 1 2 3 4 3 difference applied.
charging time [h] Moreover, comparing the IGBT and the SiC versions,
(a) even though the #pea of the SiC version is around 0.7%
~ T T 118 . (98.3% —97.6%) higher than the IGBT version, #cycle is 1.4%
2. 800 116 < (97.8% — 96.4%) higher. This indicates that 7pq is the best
5 700 g metric for stating the performance of the converter. During the
>3 114 _£  charging process, the converter operates outside of the #peax
600 - : : : : : : : point most of the time. As a result, the efficiency performance
98.0 [—— - I ‘ ‘ — | at the other operational points matters considerably. It can be
Sy 96.0 jr— seen from Fig. 13 that the SiC version has higher efficiency
= 94.0 - PSFB. IGBT || than the IGBT version at the operational area other than the
92.0 |- ‘ ‘ ‘ — PSFB, IGBT || Npeak point, which contributes to the difference of #cycle.
90.0 -

|
0 1 2 3 4 5 6 7
charging time [h]
(b)

Fig. 14. Charging process of (a) 400-V, 50.35-KWh and (b) 800-V, 79.2-kWh
batteries using an 11-kW converter and the efficiency estimation.

and 79.2-kWh capacity. The constant current constant volt-
age (CCCV) charging profiles of the 11-kW PSFB and r-PSFB
converters charging these two EV batteries are simulated using
an impedance-based model of a lithium nickel oxide (LNCO)
Boston Power SWING 5300 [47]. The charging profiles are
shown in Fig. 14. Then, the charging cycle efficiency of charg-
ing the 400-V battery, denoted as 7409 V,50.35 kWh,CCCV » and
the 800-V battery, denoted as #7300 v.79.2 kwh.cccv, 18 calculated
based on the estimated efficiency. Table IX shows the charging
cycle efficiency.

It can be seen that the r-PSFB converter provides the
same 7#cycle for both 400-V and 800-V+ EVs, while the
conventional PSFB converter has a significantly poorer #cycte
for the charging of 400-V EVs compared to the 800-V EVs.

In addition, the specifications of this r-PSFB prototype
are benchmarked against the PSFB type prototypes reported
in the IEEE literature in the last decades for EV charging
applications, as shown in Table X. It can be seen that this
11-kW prototype covers an unprecedented wide output voltage
range from 250 to 1000 V that is able to charge both the
400- and 800-V EVs. Considering the maximum output current
and power rating of the prototypes, this work utilizes the
most cost-effective semiconductor transistors. #peac Of this
prototype using cost-effective IGBTs is much higher than the
IGBT prototype from [8] but lower than some Si MOSFET
prototypes. The SiC version of this prototype reaches the same
highest 7peax of 98.3% reported in [11] and [15]. This work
also provides the charging cycle efficiency #cyce, Which is
considered a better evaluation criterion for the EV charging
application.

VII. CONCLUSION
An r-PSFB converter with an extremely wide voltage range
is analyzed, designed, and tested. The converter extends the
operational voltage range while keeping high efficiency in the
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whole operating range, thanks to the ability of reconfiguration.
The operation and design of the converter are explained in
detail. Finally, the comprehensive test results of the 11-kW
prototype with 640-840-V input voltage and 250-1000-V
output voltage are presented, including the calculation of
charging cycle efficiency. The results show excellent corre-
spondence between the estimation and test, which, therefore,
demonstrates the feasibility of this converter in EV charging

applications.
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