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Abstract—This paper introduces a novel single-stage isolated
eXtended-functionality rectifier (X-Rectifier) designed to meet key
requirements for next-generation electric vehicle (EV) on-board
chargers (OBCs): Operation with the same nominal power in
both, three-phase (3-®) and single-phase (1-®) grid connection,
and bidirectional, fully decoupled power flow regulation in all
three grid phases. The circuit structure facilitates the use of novel
600 V monolithic bidirectional GaN transistors when interfacing
a 400V (line-to-line rms, 565V peak) grid, reducing hardware
complexity. The paper first explains the operating principle of the
X-Rectifier using equivalent circuits and then discusses a proof-
of-concept modulation method applicable to both, operations
in 3-® and 1-® grids. Detailed circuit simulations verify the X-
Rectifier’s extended functionality like 3-® grid-forming/standalone
operation under extreme load imbalance (i.e., with only one
phase loaded), and highlight potential performance improvements
through alternative/advanced modulation schemes.

Index Terms—Single-Stage, Galvanically Isolated, Bidirectional,
Extended-Functionality Rectifier, On-Board Charger (OBC).

I. INTRODUCTION

On-board chargers (OBCs) in electric vehicles (EVs) are
typically required to provide galvanic isolation and bidirectional
power flow between a battery and a three-phase (3-®) or a
split-phase/single-phase (1-®) grid depending on the charging
location as shown in Fig. 1, whereby in both cases the same
nominal power should be achieved, and a wide battery voltage
range (e.g., 200V to 450 V) should be supported [1]-[11]. With
future smart-grid/smart-home concepts, EVs also take a central
role as energy hubs, providing grid support (vehicle-to-grid,
V2G) or grid-forming/islanding capability for homes (vehicle-
to-home, V2H), and could act as standalone three/single-phase
power sources, €.g., on construction sites. Thus, next-generation
OBCs should not only facilitate bidirectional power flow
in standard grid-following operation, but also enable fully
independent regulation of individual phase currents and/or
voltages in both grid-supporting or grid-forming/standalone
mode [12].

Whereas state-of-the-art OBCs are typically two-stage
systems (consisting of an ac-dc rectifier and a cascaded
isolated dc-dc converter), single-stage isolated ac-dc converters
have been extensively analyzed for their potential to achieve
higher conversion efficiency with lower implementation effort
[13], [15]-[19]. Compared to matrix-type single-stage isolated
converters [20], phase-modular topologies can interface a 1-®
grid with the same nominal power as in the 3-® case without

3-d/1-® Operation Split-Phase Operation

L,

)

Zo o

AC AC
DC DC
Pt Pt

000 6686 000 A68E
i i} il [

(a) (b)

o DDDE

Fig. 1: Block diagram of a galvanically isolated single-stage ac-dc EV on-
board charger (OBC) connected to (a) a three-phase (3-P), (b) a single-phase
(1-®), or (c) a split-phase grid. In all three scenarios, the next-generation OBC
must support the same nominal power flow in both directions.
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Fig. 2: Derivation of single-stage isolated ac-dc rectifier topologies from (a)
the well-known 3-® dual active bridge (DAB) dc-dc converter by (b) replacing
the dc-ac front-end by an ac-ac front-end directly converting the low-frequency
3-® mains voltage system into a high-frequency 3-® voltage system applied
to the primary-side transformer terminals. Fig. 3 shows specific realizations
employing either conventional unidirectional switches or novel monolithic
bidirectional switches (BDSs) in the ac front-ends.

significant additional component stress. Such phase-modular
single-stage isolated ac-dc converter topologies can be derived
from 3-® dual active bridge (DAB) dc-dc converters [21]—
[23] by replacing the dc-input front-end (converting a dc
voltage to a high-frequency three-phase voltage applied to
the transformer) with an ac-input front-end (directly converting
a low-frequency three-phase mains voltage system to a high-
frequency three-phase voltage applied to the transformer) as
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Fig. 3: Phase-modular single-stage isolated 3-® ac-dc converters (see Fig. 2b) discussed in recent literature. The ac-side front-end of (a) employs standard
power transistors but requires a dc-offset of the input capacitor voltages and hence 900 V devices are needed [13], whereas (b) uses a cycloconverter approach
where 650V devices suffice to block the phase voltage amplitude (325V in a 400V line-to-line rms grid); on the other hand twelve instead of six power
transistors are necessary [14]. Alternatively, recently available 650 V. GaN monolithic BDSs enable direct ac-ac conversion with again only six power transistors

as shown in (¢) [14] and (d) [15].

indicated in Fig. 2. The operating principle of such DAB-type
single-stage isolated three-phase ac-dc converters has been
comprehensively explained in [16], where, however, a circuit
topology without phase modularity and/or decoupled phases
has been considered.

Fig. 3 shows four topology variants of phase-modular single-
stage isolated three-phase ac-dc converters, which have been
published in the recent literature [13]-[15]. The topology from
Fig. 3a employs unidirectional power transistors in the ac frond-
end, and to prevent short-circuits through reverse-conducting
diodes, the input capacitor voltages must remain positive at
all times. This is achieved by maintaining a positive offset
voltage between potentials N and O (in the most simple case,
a constant offset voltage). However. this approach requires the
transistors to block a maximum voltage equal to twice the grid
phase voltage amplitude (e.g., 650V for a 400V line-to-line
rms grid), which typically necessitates at least 900 V transistors
[13]. The variant from Fig. 3b addresses the high blocking
voltage requirement by using three single-phase cycloconverters
in the ac front-end. This approach reduces the transistor voltage
stress to the phase voltage amplitude, i.e., to 325 V. Hence,
650 V/650V transistors suffice, but the topology requires an
increased number of devices (12 instead of 6 in the front-end)
[14]. Alternatively, recently available 650 V. GaN monolithic
bidirectional switches (BDSs) could be employed to simplify
the circuit structure of the cycloconverter and to reduce the
component count as shown in Fig. 3c [14]. Compared to the
topology from Fig. 3a, the control is simplified as there is

no need for an offset voltage injection and regulation. Finally,
Fig. 3d shows a topology with full phase modularity of the
ac front-end [15], i.e., the primary-side transformer windings
are not coupled via a common star point as in Fig. 3c. Note
further a fourth bridge-leg is implemented in the dc back-end
and connected to the star point formed by the secondary-side
transformer windings, thus also creating phase-modularity on
the secondary side.

Drawing from the BDS-based topologies discussed above,
this paper introduces a new phase-modular single-stage isolated
ac-dc converter with eXtended-functionality (X-Rectifier, see
Fig. 4) that meets all requirements for next-generation OBCs:
Single-stage power conversion, galvanic isolation, 3-® and 1-®
operation, and bidirectional, decoupled power flow regulation
in all three grid phases. The proposed X-Rectifier interfaces
the grid with a phase-modular Y-connected (star point O in
Fig. 4) arrangement of half-bridges equipped with BDSs. The
blocking voltage is defined by the phase voltage amplitude (and
not by the line-to-line voltage amplitude, as, e.g., in matrix-
type circuits [20]), for interfacing both, a 3-® or a 1-® grid.
Therefore, latest-generation 650 V monolithic GaN BDSs are
applicable for interfacing a 400 V (line-to-line rms) grid.

A key distinguishing feature of the X-Rectifier is the
connection between the the ac front-end star point O and
the star point Y formed by the primary-side windings of the
HF transformer' This connection, together with the open-delta

IThree individual HF transformers or a magnetically integrated three-phase
transformer might be used.
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Fig. 4: Power circuit of the proposed single-stage isolated ac-dc converter, the eXtended-functionality rectifier (X-Rectifier), delivering the same nominal power
in (a) a 3-® and (b) a 1-® grid. Fully independent power flow regulation in the three grid phases is enabled by the connection between the primary-side
transformer star point Y and the front-end star point O, and by the open-delta winding configuration with a four-leg switching stage on the secondary side. The
capacitors Cs connected in series with the primary windings of the transformer are sized to block the LF, i.e., 50 Hz, voltage components and/or to avoid

saturation of the compact HF transformer.
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Fig. 5: Equivalent circuit of the X-Rectifier when operating in (a) a 3-® and
(b) a 1-® grid. The labels of the equivalent voltage sources refer to nodes
of the full circuit in Fig. 4. The LF-blocking capacitors Cy are transparent
at the switching frequency and hence the system can be treated like three
independent dual active bridge (DAB) converters with series inductances Lg.

configuration of the transformer’s secondary-side windings
connected to a four-leg switching stage, enables decoupled
regulation of the power flows in the three transformer windings
and, consequently, in the three grid phases.

In the following, first Section II explains the operating
principle of the X-Rectifier for 3-® and 1-® connection
and introduces a low-complexity proof-of-concept modulation
scheme. Section III then employs detailed circuit simulations to
verify 3-® and 1-® operation with both power flow directions,
and the extended functionality is demonstrated by considering
operation from an asymmetric three-phase grid, as well as
standalone grid-forming operation, where the battery supplies
a heavily unbalanced ac-side load. Finally, Section IV briefly
compares open-delta and wye configurations of the secondary-
side transformer windings before Section V concludes the

paper.
II. OPERATING PRINCIPLE OF X-RECTFIER

This section discusses the operating principle of the X-
rectifier (see Fig. 4) and, aiming at highlighting the X-Rectifier
topology’s capability to provide the extended functionality
required of future OBCs, introduces a proof-of-concept modu-

lation method that enables operation in 3-® (symmetric and
asymmetric) and 1-® grids as well as grid-forming/standalone
operation without requiring modifications of the modulator nor
mode switching.

A. Equivalent Circuits and Basic Considerations

The proposed X-Rectifier topology shown in Fig. 4 is
derived from the circuit shown in Fig. 3c through two key
modifications:

« A connection of the ac front-end star point O and the star
point Y of the primary-side transformer windings enables
independent definition of each primary transformer voltage,
each of which solely depends on the corresponding input
capacitor voltage and the bridge-leg switching state.

o The open-delta configuration of the secondary-side trans-
former windings toghether with a four-leg switching stage
enables independent definition of the three secondary-side
transformer winding voltages (with certain restrictions
briefly discussed below).

To facilitate the analysis and explanation of the modulation,
Fig. 5a shows an equivalent circuit for interfacing with a 3-®
grid (see Fig. 4a), where the three bridge-legs of the front-end
are replaced by three switched voltage sources referenced to
the potential O, e.g., v,/,. These primary-side switched voltage
sources are connected in series with the LF-blocking capacitors
Cs, the transformer leakage inductances Lg, and three further
switched voltage sources that represent the secondary-side
transformer winding voltages (referred to the primary-side
according to the transformer turns ratio). These secondary-
side switched voltages are defined by the difference between
the switch-node voltages of two adjacent bridge-legs, e.g.,
the switching states of legs A and B define vap. Since in
each phase the voltage applied to the series impedance is fully
defined by the two switched voltage sources, all can be referred
to a common potential O.

As indicated in Fig. 4b, interfacing a 1-® grid with nominal
power is advantageously enabled by connecting the ac input
terminals of the three ac front-end bridge-legs in parallel. Then,
if all ac front-end bridge-legs are switched synchronously



(details below), the equivalent circuit for 1-® operation can
be simplified by using a single primary-side switched voltage
source vy, as shown in Fig. Sb. However, the back-end bridge-
legs still need to be modulated independently to regulate the
power transfer through each transformer winding and thus
ensuring symmetric stress distribution. Therefore, the equivalent
circuit of the dc back-end does not change.

The equivalent circuit clearly indicates that decoupled
regulation of the power flows in the three phases is possible if
all switched voltages can be arbitrarily selected, as the circuit
essentially consists of three individual DAB converters.

However, the three secondary-side transformer winding
voltages vap, vBc, and vep are not fully independent if a
four-leg back-end switching stage is used: As discussed in
[24], it is possible to arbitrarily and independently select the
duty cycle of each of these voltages, but then a certain phase
relationship between the voltages results and cannot be changed.
Consequently, a corresponding phase difference between the
three primary-side transformer voltages would result even for
a balanced system where all three phases are symmetrically
loaded. As in any DAB converter, the power flow in each
phase can then be adapted by further modifying the phase shift
between the corresponding primary-side and secondary-side
transformer voltages. This approach has been employed in [24]
to a multi-port dc-dc converter and in [15] to the ac-dc rectifier
topology shown in Fig. 3d.

Here, aiming at primarily highlighting the X-Rectifier topol-
ogy’s capability to provide the extended functionality required
of future OBCs, we employ an alternative low-complexity
proof-of-concept modulation that is based on retaining the
synchronous switching operation of the ac front-end bridge-
legs as in [13], [14], [16], and supports operation in 3-
(symmetric and asymmetric) and 1-® grids using the same
calculation method for the duty cycles of the secondary-side
four-leg switching stage. This is discussed in the following and
illustrated by simulation results for (symmetric) 3-® and 1-®
operation (see Fig. 6) considering the exemplary specifications
listed in Tab. 1.

B. AC Front-End Modulation

The three bridge-legs of the ac front-end are always pulse-
width modulated (PWM) synchronously with a fixed duty
cycle of 50%. Each switching period (see zoomed views
in Fig. 6) begins with a positive half-cycle where the high-
side switches of the three bridge-legs are on for half of the
switching period. Taking phase a as an example, the switch
node voltage vyo equals the phase voltage v,. During the
second half, i.e., a negative half-cycle, the low-side switches of
the three bridge-legs are on, and the switch node voltage v, o
equals 0 V. Consequently, the switch node voltage v, o toggles
between 0V and the phase voltage v,, and contains both, a low-
frequency (LF, i.e., grid frequency of 50 Hz) component with
an amplitude of v/2, and HF (switching frequency) components.
The capacitor C; then forms a frequency-dependent voltage
divider with the transformer leakage inductance L (see Fig. 5)
such that C; blocks the LF voltage v.s, = v»/2 and thus prevents

TABLE I: Specifications considered for the circuit simulations.

Description Value
Vin RMS grid phase volt. 230V
Vout DC output volt. 400V
Pout Rated output power 6.6kW
fsw Sw. frequency 150kHz
Np @ N Turns ratio 8:6
Lg Leakage inductance 8uH
Cs Series Capacitance 10 uF

transformer saturation. Finally, only an amplitude-modulated
HF voltage with amplitude

ey

is applied to the primary-side transformer winding, see Fig. 6.

Vapri = Va’N — Ugsa = Va'N — Y8/2 = v“/2

C. DC Back-End Modulation

To achieve DAB-type operation as in [13], [14], [16], the
modulation of the secondary-side should essentially ensure that
in each switching half-period, the voltage-time area applied to a
secondary-side winding equals that applied to the corresponding
primary-side winding (taking into account the transformer
turns ratio). This is achieved by adjusting the duty cycle
of each secondary-side transformer voltage according to the
associated primary-side voltage amplitude. As here the primary-
side bridge-legs switch synchronously, there should also be
no phase-shift between the three secondary-side transformer
voltages, i.e., just a single PWM carrier for all four bridge-legs
can be employed. As in any DAB-type converter, the power
flow is then regulated via the phase shift ¢ (identical for all
three phases) between the primary-side and the secondary-side
HF voltages.

1) 3-® Operation

On the secondary-side of the transformer with its open-delta
winding configuration, the voltage applied to each winding is
the difference between the switch-node voltages of two adjacent
bridge-legs (e.g., vap). Taking the first positive half-cycle as
an example, the DM duty cycles for the four bridge-legs are

IIDA = (va — Ve + 3 vpasy) - Ky
pB = ('Ub Uy +2- 'UpAsy)
(2
pC = ('Uc — U + 'UpAsy) K,,
dll;)D - (Ua ) ! &)

with vpasy = va + v + vc and K, = Ns/6N,Va; Ve is the
dc output voltage and N,/N; is the transformer turns ratio.
Considering phase a as an example, the effective duty cycle of
the rectangular voltage applied to the secondary-side winding,
i.e., vap in Fig. 5, is

dy = ( ;)A - ;)B)
= (2u, — vp — Ve + Upasy) - NVo/6N, Vi
= 3'Ua . N5/6Np‘/;jc = 'Ua/g . l/vdc . N&/Np,

3

i.e., d, x vyas required.
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Fig. 6: Simulated key waveforms of the proposed X-Rectifier for charging operation from (a) a 3-® grid (see Fig. 4a) and (b) a 1-® grid (see Fig. 4b),
delivering nominal power (6.6 kW) to the dc output (400 V) in both cases. The three bridge-legs of the ac front-end are always pulse-width modulated (PWM)
synchronously with a fixed duty cycle of 50%. The four bridge-legs of the dc back end are operated with the proof-of-concept modulation method introduced
in Section II. The zoomed views show exemplary transformer voltage and current waveforms as well as gate signals over two switching periods.

Note that if the 3-® grid voltages are symmetric, the
asymmetric correction voltage vUpasy = Va + Up + vc = 0
and dj, »p- Thus, the four-leg back-end operates as
a conventional 3-® three-leg delta-type rectifier [25]. In
the cases with asymmetric 3-® grid voltages, vpasy # 0
becomes effective, resulting in different values for dj, and djp,.
Consequently, all four bridge-legs operate with different duty
cycles as discussed later in Section III.

Furthermore, a CM duty cycle must be selected to ensure
that all four duty cycles of the switch-node voltages remain
non-negative at any given time. E.g., a CM duty cycle

“

_ s / / /
dPCM = _mln(dpAv de7 pCH pDv)

is added to the DM duty cycles, resulting in
dpa = dpp + dpem,  dpp = dig + dpem,
dpc = dll)c + deM7 dp[) = ng + deM-

Advantageously, the bridge-leg with the minimum DM duty
cycle is always clamped as indicated in Fig. 6a, thereby
avoiding switching losses. The injected CM duty cycle could
be further optimized for various control purposes, e.g., more
evenly distributing conduction and switching losses among the
transistors.

&)

For the negative half-cycle, the polarities of the three primary-
side transformer voltages are reversed, resulting in the DM



duty cycles for the four bridge-legs as

;A = ( Vgt 0+ 3- UnAsy) Vs
dig = (—p + Va + 2 - Upagy) - K, ©
e = (e + U + tnagy) - Ky,
1/1D = (—va + ) - Ky,
with vya¢y = —Va — Up — vc. Note that reversing the polarities

of all three phase voltages is equivalent to a 180° phase shift
of the DM duty cycles in time, as shown in Fig. 6a.

Fig. 6a shows simulation results of the X-Rectifier in
charging operation from a symmetric 3-® grid with nominal
load of 6.6 kW. The output voltage is controlled to the nominal
value of 400V via the phase shift ¢ between the primary-
side and the secondary-side carrier signal, and the difference
between the voltages applied to the primary-side and secondary-
side transformer windings leads to triangular currents in the
leakage inductances. Note that, as in [13], [14], [16], the
employed modulation method directly achieves sinusoidal
mains currents without any further underlying control loops
(even though these could be added to improve the mains current
quality, etc.).

2) I-® Operation

The duty cycle calculation method described above for the 3-
® case is directly applicable to 1-® operation of the X-Rectifier.
Considering the positive half-cycle, v, = v, = v = vy,

UpAsy = Va + Up + Ve = 3y, (7)
and the DM duty cycles are
;,A = (va — Ve + 3 Vpayy) - Ky = v, - Ky,
pB = (Vb — va + 2 Upagy) - Ky = 6u, - Ky,
pC = (Ve — Vb + Vpagy) - Ky = 3v, - Ky,
op = (va — ve) - Ky = 0. 8)

Since v, = vp = V. = Vg, the asymmetric correction voltages
Upasy and vpaqy determine the duty cycles. Thus, the effective
duty cycle of the rectangular voltage applied to the secondary-
side winding, i.e., vap in Fig. 5, is again

da = ( ;:A Ky = /2 Yvie - No/ Ny, (9)

which again ensures balanced voltage-time areas on the primary-
side and secondary-side of the transformer. The duty cycle
calculation for the negative half-cycle follows the same process
as for the 3-® case and is therefore not repeated here.

Fig. 6b presents according simulation results for charging
operation of the X-Rectifier from a 1-® grid with the same
nominal power of 6.6 kW. The three bridge-legs of the ac front-
end operate in parallel (see Fig. 4b) and are still modulated
synchronously with a 50% duty cycle. This configuration
allows for the nominal output power to be achieved without
increasing the front-end transistor current stresses compared to
3-® operation. Again, the output voltage is controlled to the
nominal value of 400V via the phase shift . This modulation
then ensures approximately equal power transfer through all
three transformers (note the similar HF transformer currents

—dly) = 3u, -

as well as equal LF input phase currents i, = iy, = ic & iy /3).

The selection of the CM duty cycle is a degree of freedom, as
the power transfer depends solely on the duty cycle differences
between the back-end bridge-legs, not the absolute duty cycles.
Specifically, the order of the DM duty cycles from (9) must be
maintained, but a CM offset can be selected to either clamp
the lowest value to O or the highest value to 1, which is
demonstrated in the simulation: During the first 20 ms, the
duty cycle of bridge-leg A is either 0 (low-side transistor is
permanently on) or 1 (high-side transistor is permanently on) to
avoid switching losses. In the second 20 ms (20 ms to 40 ms),
bridge-leg D is clamped instead of bridge-leg A to minimize
switching losses (note that it is not possible to clamp legs B or
C). Alternating the clamping phase helps balance the current
stress among the three phases of the ac front-end.

III. EXTENDED FUNCTIONALITY

Whereas the simulation results shown in Fig. 6 cover the
standard cases of drawing power from either a symmetric 3-®
or a 1-® grid to charge a battery, this section provides further
simulation results that confirm the X-Rectifier’s extended
functionality, i.e., the capability to operate from a asymmetric
3-® grid, and to act in 3-® grid-forming/standalone mode with
extremely asymmetric phase loading. The proof-of-concept
modulation method introduced in Section II facilitates both.

A. Charging from an Asymmetric 3-® Grid

Fig. 7a presents the charging operation from a 3-® grid
with asymmetric phase voltages, where phase a has a reduced
amplitude (50%). Again, the output voltage is controlled to
a constant nominal value of 400V via the phase shift ¢,
and nominal load is supplied. The modulation introduced in
Section II ensures that the phase currents are proportional to
the respective phase voltage. In particular, the phase current 7,
drawn from phase a is reduced. However, as the output voltage
is still regulated to a constant value and hence the output power
is kept constant, too, the current drawn by the other two phases
increases (this is, of course, only possible within certain limits
given by the component stresses) and a certain low-frequency
distortion of the phase currents results.

B. 3-® Grid-Supporting/Standalone Operation

Finally, Fig. 7b shows 3-® grid-forming/standalone opera-
tion, where the X-Rectifier provides a symmetric 3-® voltage
system at the ac terminals from a 400V battery. Especially in
standalone operation, e.g., if the vehicle acts as a power source
on a construction side, the 3-® loads can be heavily unbalanced
(i.e., certain loads connect only to one of the phases). The
simulation considers an extreme scenario where only phase
a is loaded, while no loads are connected to phases b and c.
Whereas still a single phase shift ¢ between the carriers of
the front-end and of the back-end converter stages is used,
which can be pre-calculated, e.g., based on the average power
to be transferred, three PI controllers are used to track the
phase voltage references across the input capacitors employing
the controller outputs (instead of the measured phase voltages



Y-connected

four-leg open-delta
dc back-end

3 )

B -

PFYT:

A

1t

—

—
=

(a)

Y-connected
ac front-end

four-leg open-delta
dc back-end

3 )

-—
N

]
L

£ o0 . . IR
g” 300 S /_><_\ /— —v.) 3
it e N e N
e 0 ‘X/ \_X/  Vesa K
> -300 —_Vie
s -600 : ' T l—vao [
< 50 . . .
3 25 E (=
g.95 F —ie [
' -50 1 L L
~ 10 20 30 40
t - time (ms)
Va [
—Up =
—_—
— ), 77
—_ Ve
— Va0 |
= 50
3 25 F Ta |
200 —ip [
g.25 —ie [
', -50 - ’ -
=~ 10 20 30 40
t - time (ms)

(b)

Fig. 7: Simulated key waveforms of the proposed X-Rectifier for (a) charging operation from an unbalanced 3-® grid (phase voltage v, reduced to 50%),
where i, is reduced accordingly (to maintain constant output power, the other two phase currents are increased and show certain distortions in this example),
and (b) for grid-forming/standalone operation where a symmetric 3-® voltage system is provided at the ac terminals, only one of which (here phase a) is

loaded, i.e., no load is connected to phases b and c).

Va3, Up, Uc) in the calculation of the secondary-side DM duty
cycles with (2)...(5). The simulation results demonstrate that
the X-Rectifier topology can provide a symmetric 3-® voltage
system at the ac terminals despite highly asymmetric loading
of the phases, i.e., facilitates decoupled power flow regulation
in the three phases.

IV. TRANSFORMER CONFIGURATION & CURRENT STRESS

To provide four terminals for interfacing a four-leg switching
stage, the secondary-side transformer windings can be config-
ured either in a star configuration with the star point forming the
fourth terminal (see Fig. 3d) or in an open-delta configuration
(see Fig. 4). It is thus interesting to briefly consider the current
stresses of the four bridge-legs during 3-® and 1-® operation
with the proof-of-concept modulation from Section II.

Considering first the open-delta configuration and 3-®
operation, specifically a representative 60° interval of the
grid period during which v, > 0 and v,,v. < 0, Fig. 8a
qualitatively indicates the resulting transformer winding and
terminal currents during the positive half-cycle of the switching
period (i.e., when all high-side switches of the primary-side
bridge-legs are on, also see Fig. 6). Power transfer from the
ac to the dc side then requires primary currents flowing into
node a’ and out of nodes b’ and ¢’, which are further (roughly)
proportional to the respective phase voltages. This directly
defines the direction and magnitude of the secondary-side

winding currents, and the secondary-side terminal currents
follow from Kirchhoff’s current law. In particular, note that
the currents in terminals A and D are directly given by the
winding currents, whereas the currents in the terminals B and
C are defined by rwo winding currents, which here leads to
high current stress for bridge-leg B and very low current stress
for bridge-leg C.

In the case of 1-® charging operation, the currents flowing
through the three transformer windings always share the
same direction and have similar magnitudes. As a result, the
currents flowing through terminals B and C—obtained from
the differences between the currents of the two connected
transformer windings—are relatively small. Notably, the current
sharing among the four bridge-legs is more balanced; no single
terminal is heavily loaded, unlike terminal B in the 3-® case.

In the alternative star configuration shown in Fig. 8b, the
current in the terminals A, B, and C are directly given by the
corresponding primary-side currents and hence proportional to
the corresponding phase voltage; the stresses of these three
bridge-legs are thus similar for both, 3-® and 1-® operation.
However, whereas there is zero current (ideally) through
terminal D in 3-® operation if terminal Y is not connected, in
1-® operation, all three transformer winding currents flow in
the same direction and are thus summed at terminal D, leading
to excessive current stress of the corresponding bridge-leg.

Note that the above discussion is specific to the proof-
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Fig. 8: Qualitative transformer winding and secondary-side terminal current
stress for 3-® and 1-® charging mode using (a) an open-delta configuration as
in Fig. 4 or (b) a star configuration with the star point connected to terminal
D as in Fig. 3d. The size of the arrow indicates the rms current value. For the
open-delta case (a), high current stress appears in the middle two bridge-legs,
e.g., terminal B, during 3-® operation. In contrast, the star configuration (b)
leads to high current stress of bridge-leg D in 1-® operation. Note that the
low-complexity modulation scheme employed in this paper for a basic proof-
of-concept of the proposed converter topology could be optimized considering
the transformer and power semiconductor component stresses with significant
potential for improvement.

of-concept modulation method used throughout the pa-
per; the proposed circuit topology leaves ample room
for advanced/optimized modulation techniques and/or ad-
vanced/alternative transformer configurations that potentially
enable significant performance improvements.

V. CONCLUSION

This paper proposes a single-stage isolated eXtended-
functionality rectifier (X-Rectifier) for future EV OBCs, which
can employ 650 V GaN monolithic BDSs in the phase-modular
ac front-end when interfacing a 400 V (line-to-line rms, 565V
peak) grid. Further, the circuit structure features a connection
between the star point formed by the three ac front-end
BDS bridge-legs and the star point formed by the three
primary-side transformer windings. Together with an open-
delta configuration of the secondary-side transformer windings
and a four-leg dc back-end switching stage, fully decoupled
power flow regulation in all three transformers and hence in the
three grid phases becomes possible. Using a low-complexity
proof-of-concept modulation method, the paper demonstrates
that the X-Rectifier topology can not only draw the same
nominal power from the 3-® and the 1-® grid without excessive
component stresses, but can also operate with an asymmetric 3-
® grid, and further can act in a grid-forming/standalone mode,
creating a symmetric 3-® voltage system despite extremely
asymmetric loading of the phases, e.g., for applications on a
construction site. Further performance optimization by means
of advanced/optimized modulation methods will be explored
in the scope of future research.
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