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Abstract
Next generation On-Board Chargers (OBCs) should comprise only a single high-frequency-isolated ac-dc
converter stage that realizes bidirectional power flow from not only a three-phase but also a single-phase
grid to the Electric Vehicle (EV) battery and should cover a wide input-output voltage range. This paper
introduces the novel isolated Y-Rectifier with series-resonant operation (iYRS), which utilizes 600 V GaN
Monolithic Bidirectional Switches (M-BDSs) and complies with the aforementioned requirements for
next-generation OBCs. The operating principles and control methods for buck-boost operation from a
three-phase and a single-phase mains with the same rated power are detailed and validated by circuit
simulations. The voltage and current stresses of the main power components are derived, and a 6.6 kW
design example indicates expected efficiencies of almost 97% for three-phase and 97.5% for single-phase
operation.

1 Introduction
Electric Vehicle (EV) On-Board Chargers (OBCs)
face very demanding requirements including gal-
vanic isolation between the grid and the EV battery,
a wide battery voltage range, nominal-power op-
eration from three-phase and single-phase grids,
high power density, and bidirectional power flow
[1]. The state-of-the-art approach for OBCs is a
two-stage system comprising of a power-factor-
correction (PFC) rectifier front-end followed by an

isolated dc-dc converter stage [2], which, however,
is disadvantageous as the power is converted twice,
and two converter stages need to be designed and
built. High-frequency-(HF)-isolated single-stage ac-
dc converters with either a Dual Active Bridge (DAB)
[3], [4] or Series-Resonant (SR) operating mode
[5] are thus an attractive alternative to meet OBC
requirements. So far, however, the extensive re-
search into single-stage isolated three-phase PFC
ac-dc converters [3]–[22] has not yet considered
single-phase operation, or only with a limited out-
put power [23]. This shortcoming is addressed by
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Fig. 1: The proposed topology of the isolated Y-Rectifier with series resonant operation (iYRS) utilizing 600 V
GaN M-BDSs in the ac-front-end to directly interface with the (a) three-phase (325 Vpeak line-to-neutral;
400 V line-to-line rms) and (b) single-phase (325 Vpeak line-to-neutral) grid. By employing a novel resonant
modulation, bidirectional charging at nominal power is achieved with both configurations.
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Tab. 1: Considered system specifications.

Parameter Symbol Value Unit

Grid Voltage1 3𝜙, 𝑢a,b,c
1𝜙, 𝑢abc

230
230

Vrms
Vrms

Grid Freq. 𝑓ac 50 Hz
Switching Freq. 𝑓sw 72 kHz

Rated Output Power 𝑃dc 6.6 kW
Output Voltage 𝑈dc 250-450 V

1line-to-neutral

the new bidirectional isolated Y-Rectifier topology1

with a SR operating mode (iYRS) as depicted in
Fig. 1. The iYRS ac-front-end employs novel GaN-
based Monolithic Bidirectional Switches (M-BDSs):
with the ac-front-end M-BDSs blocking voltages de-
fined by the grid peak line-to-neutral voltage, 600 V
rated semiconductors can be used for interfacing
the European 400 V (line-to-line rms) grid. The
SR modulation enables full soft switching in the ac-
front-end in both single- and three-phase operation
for a significant share of the desired output voltage
range 𝑈dc ∈ [250 V, 450 V].
In the following, first Section 2 explains the op-
erating method of the iYRS for three- and single-
phase buck-boost operation via space vector (SV)
diagrams and simulation results. Given the speci-
fications in Tab. 1, Section 3 then provides basic
design considerations along with key component
stresses and provides an efficiency estimate of an
exemplary iYRS design. Finally, Section 4 con-
cludes the paper.

2 Operating Method
The method of operation of the iYRS topology is
provided in this section for both, the three-phase
and single-phase operation with the use of SV di-
agrams and circuit simulations. First, only boost
operation is considered, and then the concept is ex-
tended to a buck-boost operation to enable a wide
output voltage range.

2.1 Three-Phase
In the three-phase configuration (Fig. 1a), the
ac-front-end semiconductors are switched syn-
chronously with a duty cycle 𝑑abc = 50% and
translate the grid input voltages 𝑢a, 𝑢b, 𝑢c into an

1Note that the main power circuit structure is identical
to [22]. However, here a resonant operating mode is
employed.

amplitude-modulated HF three-phase transformer
voltage system 𝑢Ta, 𝑢Tb, 𝑢Tc [22] as can be ob-
served from the simulation results in (Fig. 2a.i).
Here, the series capacitor 𝐶S forms a resonant
tank with the transformer inductance 𝐿S in each
phase, which is tuned to the switching frequency
𝑓sw similar to a SR dc-dc converter [25].2 In
addition, the series capacitors 𝐶S block half the
instantaneous phase voltage and thus only the
HF component varying between ± 1

2
𝑢a, ± 1

2
𝑢b, ± 1

2
𝑢c

acts on the primary side of the resonant tank
(a zoom-in on the waveforms is presented in
Fig. 2a.ii). A SV representation of the primary-side
transformer voltages (𝑢Tabc) is presented in Fig. 2b
and the two synchronous switching transitions
of the primary-side stage, 𝛼 and 𝛽 (see 𝑢Ta in
Fig. 2a.ii), result in the primary-side SV 𝑢Tabc in
Fig. 2b toggling between ± 1

2
of the three-phase

grid voltage SV 𝑢a,b,c. The dc-stage generates
a secondary-side transformer voltage SV 𝑢TABC
(displayed in Fig. 2b for a unity transformer turns
ratio) which is in phase with the primary-side
voltage SV 𝑢Tabc during the first I⃝ and second
II⃝ half switching period 1

2
𝑇sw = 1/(2𝑓sw) and

shows approximately equal amplitude,3 resulting
in naturally sinusoidal low-frequency (LF) grid
currents 𝑖a, 𝑖b, 𝑖c. Note that the resonant tanks show
approximately zero impedance at the switching
frequency and thus the power flow can be adjusted
by slightly adjusting the magnitude of the dc-stage
voltage SV |𝑢TABC| similar to a SR dc-dc converter
[25]: If, e.g., |𝑢TABC| is selected slightly smaller
than |𝑢Tabc| the resulting voltage difference Δ𝑈 is
applied to the resonant tanks which are energized,
resulting in an increase in the three-phase power
transfer and ultimately to an increase in the output
voltage.

The operation of the dc-stage can be controlled by
means of a simple Pulse Width Modulation (PWM)
strategy with two duty cycles which are, e.g., for

2In contrast, in [22] the series capacitor 𝐶S is sized to
show negligible impedance compared to the transformer
inductance 𝐿S at the switching frequency to enable a
DAB-type modulation.

3In the time domain this corresponds to the dc-stage
generating HF differential-mode voltages 𝑢TA, 𝑢TB, 𝑢TC

recreating the voltage-time area of the primary-side
transformer voltages 𝑢Ta, 𝑢Tb, 𝑢Tc within each 1

2
𝑇sw pe-

riod as illustrated in Fig. 2a.ii.
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Fig. 2: (a) Simulated key voltage and current waveforms (generated using PLECS [24]) of the proposed iYRS
topology shown in Fig. 1a for three-phase PFC operation over a mains period (a.i) and over two switching
periods 𝑇sw around 𝑡 = 5.8 ms (a.ii) . (b) Space vector (SV) representation of the HF voltage waveforms in
(a.ii). The ac-front-end operation with 𝑑abc = 50% results in a primary-side transformer voltage SV 𝑢Tabc with
half the magnitude of the grid voltage SV 𝑢a,b,c and toggling between in-phase and anti-phase orientation in
every half switching period (the primary-side switching transitions are labelled with 𝛼 and 𝛽). The dc-stage
generates a secondary-side voltage SV 𝑢TABC recreating 𝑢Tabc during the first I⃝ and second II⃝ 1

2
𝑇sw period

(the dc-stage switching transitions are numbered with 1...6). Simulation parameters: 𝑢a,b,c = 230 V (rms;
line-neutral), 𝑓sw = 72 kHz, 𝐿S = 30 µH, 𝐶S = 163 nF, 𝑈dc = 400 V, 𝑃dc = 6.6 kW.

phase 𝑎 defined as

𝑑A,I(𝑡) = min
(

Δ𝑈 + �̂�a,b,c

𝑈dc

𝑁2

𝑁1

, 1
)

𝑢a(𝑡)

2�̂�a,b,c
+
1

2
(1)

for the first I⃝ and 𝑑A,II = 1−𝑑A,I for the second
II⃝ 1

2
𝑇sw period, with 𝑑A,I, 𝑑A,II ∈ [0,1]. Note that

Δ𝑈 ≪ �̂�a,b,c allows to adjust the magnitude of the
secondary-side voltage SV |𝑢TABC| to regulate the
power flow. The switching signals are easily re-
alised with a synchronised secondary-side carrier
with 2𝑓sw (i.e., double the switching frequency of
the ac-front-end) which is compared to 𝑑A,I and 𝑑A,II

in alternation during the first and the second 1
2
𝑇sw

period, respectively. The resulting secondary-side
voltage SV 𝑢TABC trajectory4 is presented in Fig. 2b

4Note that the transitions in Fig. 2b and Fig. 3b
are highlighted just for illustration purposes: The volt-
age SVs 𝑢Tabc and 𝑢TABC are defined by corresponding
discrete endpoints in the complex plane (corners and
midpoint of a hexagon) and the transition from one space
vector to the following happens instantaneously.

with the sequence of switching states

(000)▶
1I
(100)▶

2I
(110)▶

3I
(111)▶

4I
(110)▶

5I
(100)▶

6I
(000), (2)

in the first 1
2
𝑇sw period I⃝. Similarly, for the second

1
2
𝑇sw period II⃝ the generated switching sequence

is

(000)▶
1II
(001)▶

2II
(011)▶

3II
(111)▶

4II
(011)▶

5II
(001)▶

6II
(000). (3)

The corresponding secondary-side time-domain
voltage of phase 𝑎, 𝑢TA, is shown in Fig. 2a.ii, which
is in phase with the primary-side voltage 𝑢Ta (i.e.,
in contrast to a DAB-type modulation, no HF phase
shift is introduced in between 𝑢Ta and 𝑢TA) and
shows an identical 1

2
𝑇sw period average value, such

that quasi-sinusoidal resonant tank currents 𝑖Ta, 𝑖Tb,
𝑖Tc result.
To achieve symmetrical stresses of the dc-
stage high- and low-side power transistors, the
secondary-side carrier is flipped (i.e., phase shifted
by 180°) for each 60° sector. Note that, alterna-
tively, the dc-stage could be modulated with the SV
modulation from [19] which enables to lower the
(average) switching frequency from 2𝑓sw to 4

3
𝑓sw.
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operation, both, the primary- and the secondary-side half-bridges operate with 120° PWM carrier phase
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of the hexagon changes with the grid voltage). The primary-side and secondary-side switching transitions
are labelled with 𝛼 ... 𝜁 and 1 ... 6, respectively. Simulation parameters: 𝑢abc = 230 Vrms, 𝑓sw = 72 kHz, 𝐿S =
30 µH, 𝐶S = 163 nF, 𝑈dc = 400 V, 𝑃dc = 6.6 kW.

2.2 Single-Phase
For single-phase operation (Fig. 1b), the ac-front-
end half-bridges are parallel-connected to the grid
line and neutral terminals and operate with 𝑑abc =
50% and a 120° PWM carrier phase shift, thereby
translating the single-phase grid voltage 𝑢abc into
a symmetric HF three-phase voltage system 𝑢Ta,
𝑢Tb, 𝑢Tc. Thus, the operation resembles that of a
multi-phase SR dc-dc converter, where the (bipolar)
input voltage is varying with the grid input voltage
𝑢abc as indicated in Fig. 3a. Fig. 3b presents the
SV representation of the transformer voltages, and
the aforementioned 120° PWM carrier phase shift
of the ac-front half-bridges results in a hexagonal
trajectory of the primary-side voltage SV 𝑢Tabc. Note
that the instantaneous voltage SV magnitude |𝑢Tabc|

= 2
3
𝑢abc is proportional to the instantaneous grid

voltage value and thus the area of the primary-side
voltage SV hexagon changes over time with twice
the grid frequency 2𝑓ac and the time-domain trans-
former voltages 𝑢Ta, 𝑢Tb, 𝑢Tc (see Fig. 3a.i) are am-
plitude modulated by the single-phase grid voltage
𝑢abc. Note that in contrast to three-phase operation,

here the series capacitors 𝐶S do not block any LF
voltage components.
Similarly, the secondary side half-bridges operate
at 𝑓sw (i.e., the same switching frequency as the
ac-front-end) with a 120° PWM carrier phase shift
and identical duty cycles 𝑑A = 𝑑B = 𝑑C and

𝑑A =
1

𝜋
arcsin

(
min

(

|𝑢abc(𝑡)| + Δ𝑈

𝑈dc
𝑁1

𝑁2

, 1
))

, (4)

utilizing again the small voltage difference Δ𝑈 to
regulate the power flow. During, e.g., the positive
mains period, and for a duty cycle 𝑑A = 𝑑B = 𝑑C <

1/3 (i.e., |𝑢abc| < 𝑁1

𝑁2
𝑈dc for Δ𝑈 = 0), the sequence of

switching states is

(000)▶
1
(100)▶

2
(000)▶

3
(010)▶

4
(000)▶

5
(001)▶

6
(000), (5)

as indicated for the voltage SV 𝑢TABC in Fig. 3b
(utilized dc-stage switching states are labelled in
black; non-utilized switching states in gray). In con-
trast, for 1/3 < 𝑑A = 𝑑B = 𝑑C < 1/2 the secondary SV
trajectory changes to a hexagonal shape with the



sequence of switching states

(101)▶(100)▶(110)▶(010)▶(011)▶(001)▶(101) (6)

resulting in a counterclockwise sequence similar to
the primary-side SV trajectory 𝑢Tabc.
Note that, as the grid voltages becomes negative,
the dc-stage switching signals generated according
to Eq. (5) need to be inverted resulting, e.g., for
phase 𝑎, in an effective conduction time of the high-
side power transistor

𝑑
′
A =

{

𝑑A, 𝑢abc(𝑡) ≥ 0

1 − 𝑑A, 𝑢abc(𝑡) < 0,
(7)

which advantageously facilitates equal power
transistor current stresses of the top and bottom
dc-stage power transistors.

2.3 Buck-Boost Operation
The presented three- and single-phase modulation
concepts rely on controlling the power flow by
adjusting the amplitude of the voltage SV |𝑢TABC|

generated by the dc-stage by a small Δ𝑈 . This,
however, imposes a voltage limit 𝑁1

𝑁2
𝑈dc > �̂�a,b,c and

limits the iYRS topology to boost operation, which
is incompatible with the desired dc output ranges
stated in Tab. 1. This limitation is resolved by
additionally adjusting the ac-front-end modulation
to maintain power flow control in buck operation
with 𝑁1

𝑁2
𝑈dc < �̂�a,b,c.

For three-phase operation, the ac-front-end duty
cycle can then be defined as

𝑑abc =
1

𝜋
arcsin

(
min

(

𝑈dc
𝑁1

𝑁2
− Δ𝑈

�̂�a,b,c
, 1
))

, (8)

such that the ac-front-end takes over the power flow
control in buck mode. Therefore, 𝑑abc deviates from
50% only when 𝑁1

𝑁2
𝑈dc < �̂�a,b,c (for Δ𝑈 = 0).

The Δ𝑈 -based power flow control defined with
Eq. (1) and Eq. (8) automatically results in either
the ac-front-end (boost) or the dc-stage (buck)
operating in saturation with the maximum SV
voltage amplitude, while the other stage assures
power flow controllability. This enables the desired
wide output voltage range operation and Fig. 4a
shows simulation results where the iYRS supplies
an electronic dc load which sweeps the output
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voltage from 250 V to 450 V and the iYRS control
ensures a continuous power transfer of 𝑃dc =
6.6 kW when transitioning from buck (highlighted in
grey) to boost operation.

In contrast, for single-phase operation the modula-
tion is adjusted based on the instantaneous abso-
lute grid voltage value |𝑢abc(𝑡)| (instead of the grid
voltage amplitude as in three-phase operation), i.e.,

𝑑abc =
1

𝜋
arcsin

(
min

(

𝑈dc
𝑁1

𝑁2
− Δ𝑈

|𝑢abc(𝑡)|
, 1
))

. (9)

To realize equal conduction stresses for the high-
and low-side M-BDSs over a mains period, the ac-
front-end duty cycle is deviated symmetrically to
values below and above 0.5 for the positive and
negative grid interval, respectively, with

𝑑
′
abc =

{

𝑑abc, 𝑢abc(𝑡) ≥ 0

1 − 𝑑abc, 𝑢abc(𝑡) < 0.
(10)

Fig. 4b presents simulation results for single-phase
operation, and a dynamic transition between buck
(shaded grey areas) and boost operation can be
observed. Note that the ac-front-end and dc-stage
duty cycles deviate from 50% only in buck and
boost operation, respectively.

3 Design and Performance
Estimation

To provide a first performance evaluation of the
iYRS, a basic design example for a 6.6 kW con-
verter according to Tab. 1 is conducted (the result-
ing converter parameters are listed in Tab. 2) and
the component stresses and losses are provided.

3.1 Component Selection
The dc-stage power transistors are subject to volt-
ages up to 𝑈dc = 450 V (not considering switching
overvoltages) and can thus be realized with 650-V-
rated GaN Systems GS-065-060-5-T-A which fea-
ture a low on-state resistance of 25 mΩ (typ.). The
PLECS [24] thermal model (provided by the man-
ufacturer) is used to assess the conduction and
switching losses presented in Tab. 3, where further
a thermal interface material (TIM) with a thermal
impedance of 52 K mm2/W [26] is considered to in-
terface the device case and a water-cooled cold
plate with a (maximum) temperature of 60 °C.
The M-BDSs of the ac-front-end are blocking volt-
ages of up to �̂�abc = 325 V, and can thus be realized

Tab. 2: Considered converter parameters.

Description Identifier Value Unit

Input Cap. 𝐶a 2.5 µF

M-BDS1 𝑆a,𝑆′a
25

650
mΩtyp
V

Series Cap. 𝐶S 163 nF
Leakage Ind. 𝐿S 30 µH
Turns Ratio 𝑁1 ∶ 𝑁2 1:1

DC Side Semi.1 𝑆A,𝑆′A
25

650
mΩtyp
V

DC Cap. 𝐶dc 4.2 mF
1 GaN Systems GS-065-060-5-T-A (a virtual M-BDS

version is assumed for the ac-front-end)

with 600 V/650 V GaN technology. The switching
and conduction losses are estimated by assuming
a virtual M-BDS version of the GS-065-060-5-T-A
which has the same switching- and conduction-loss
characteristics as the unipolar GaN device consid-
ered for the dc-stage.5

A transformer, with turns ratio 𝑁1 ∶ 𝑁2 = 1:1 and a
leakage inductance of 𝐿S = 30 µH is considered. For
brevity, the transformer losses (𝑃Ta

) at rated power
are obtained by assuming a typical efficiency of
𝜂T = 99.5 %. The series capacitance 𝐶S = 163 nF
is selected such that the desired resonant tank
frequency 𝑓0 = 𝑓sw is achieved. The input capacitors
𝐶a = 2.5 µF are selected such that a 2% reactive
input current limit at nominal power operation is
ensured. The dc output capacitance 𝐶dc = 4.2 mF
is sized for single-phase operation such that the
maximum allowable peak-to-peak output voltage
ripple Δ𝑈dc = 20 V is not exceeded at the worst-case
operating point with 𝑈dc = 250 V and nominal power
delivery 𝑃dc = 6.6 kW. Note that a more compact
system realization could be achieved by employing
an active power pulsation buffer concept [27]–[29].
Assuming the use of capacitors with a high-quality
dielectric material with a low dissipation factor, the
filter, dc and series capacitor losses are neglected
here.

5Note that such an M-BDS device does currently not
exist. However, current R&D activities in the field of GaN
M-BDS make it very likely that such a low on-resistance
M-BDS device will be available in a next-generation
product.



Tab. 3: Component stresses and loss evaluation for the
converter in Fig. 1 at a nominal output power of
6.6 kW and an output voltage of 400 V.

Parameter 3-Phase 1-Phase Unit

𝑖Ta
45.4 45.3 A

𝐼Ta
21.8 21.8 Arms

𝐼Sa = 𝐼S′a
1 15.4 15.4 Arms

𝐼SA = 𝐼S′A
15.4 15.6 Arms

𝑃Sa,Cond = 𝑃S′a,Cond
1 9.0 9.0 W

𝑃Sa,Sw = 𝑃S′a,Sw
1 0.9 0.7 W

𝑃Ta
11 11 W

𝑃SA,Cond = 𝑃S′A,Cond
10.2 9.7 W

𝑃SA,Sw = 𝑃S′A,Sw
9.9 4.6 W

𝑃Total 213 177 W
𝜂 96.9 97.4 %

1Note that unequal power transistor stresses result in
three-phase buck operation.

3.2 Component Stresses and
Performance

The component stresses, and primary loss sources
of the converter design from Section 3.1 are eval-
uated using PLECS [24] simulations considering
nominal power operation with 𝑈dc = 400 V for both,
three and single-phase operation with the results
listed in Tab. 3. The predominantly soft-switching
operation of the ac-front-end M-BDSs results in
low switching losses (𝑃Sa,Sw = 𝑃S′a,Sw) for both, single-
and three-phase operation, but is only possible for
pure boost operating regions of the iYRS.6 It can
be observed that the single-phase operation with a
calculated efficiency of 𝜂 = 97.4 % is superior to the
three-phase operation with 𝜂 = 96.9 %. The main
reason for this performance deviation are the dc-
side semiconductor hard-switching losses, which
are elevated in three-phase operation due to the
operation with twice the ac-front-end switching fre-
quency 2𝑓sw discussed earlier. As mentioned, the
dc-stage could also be modulated according to [19]
to lower the (average) switching frequency to 4

3
𝑓sw

which promises efficiency gains.

6Note that hard-switching transitions will occur when
operating in buck mode; E.g. for nominal power op-
eration with an output voltage 𝑈dc = 250 V the calcu-
lated efficiency drops to 𝜂 = 95.8 % in three-phase and
𝜂 = 97.2 % in single-phase operation.

4 Conclusion
The requirements of next-generation On-Board
Chargers (OBCs) demand compact and lightweight
converter realizations that can operate under a
broad range of operating conditions. This paper
introduces a new isolated Y-rectifier with a series-
resonant operation (iYRS), which utilizes 600 V
GaN M-BDSs in the ac-front-end to operate with
nominal power in both, a 400 V (line-to-line rms)
three-phase and a single-phase grid. The novel
series-resonant modulation enables buck-boost op-
eration and bidirectional power flow with fully sinu-
soidal grid currents and full soft switching of the
ac-front-end transistors for a significant proportion
of the desired output voltage range; thus, an exem-
plary 6.6 kW design achieves estimated efficiencies
of 96.9% in three-phase and 97.4% in single-phase
configuration.
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