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Abstract— On-board chargers (OBC) are required to 
operate under a wide range of operating conditions in terms of 
input voltage, phase number, and output battery voltage. 
Accordingly, achieving a high-performance, efficient and cost-
effective implementation poses special challenges. In this paper, 
a novel OBC architecture is considered which is able to operate 
both in three-phase and single-phase configuration with full 
output power range without requiring additional power 
components or degrading performance. The proposed solution 
provides a universal-charging single-power-processing block 
that features a high power density and cost-effective 
implementation. In this paper, a bidirectional 11-kW 800-V 
battery voltage prototype of the system is designed and 
constructed for a 400V (line-to-line) mains supply.  

Keywords—Electric vehicle, on-board charger, power 
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I. INTRODUCTION 

Electric vehicles (EVs) are a key element in a transition 
towards electrification in a vast number of sectors that will 
contribute to a more environmentally friendly sustainable 
development. Among the new technologies present in such 
vehicles, battery-related power electronics plays a key role in 
ensuring a high-performance, efficient, and safe operation. In 
particular, on-board chargers (OBCs) [1] provide the required 
dc current to charge the battery in a wide range of input and 
output conditions, which depends on the single-/multi-phase 
mains voltage, the battery technology and the battery state of 
charge. 

The first modern technology successfully developed for 
battery electric vehicles (BEV), and still the most widely 
adopted, is based on 400V high voltage batteries. This 
technology employed OBCs that can typically operate in a 
250V to 450V range using 600V power semiconductors. 
Unidirectional operation, i.e., only battery charging, was 
considered so far, and these devices are often implemented 
using a modular approach for each phase comprising three 
single-phase unity power factor ac-dc front-end converters 
(Fig. 1 (a)) [2]. This approach, however, requires dedicated 
isolating transformers and dc-dc power converters. Besides, 
the control architecture, the sensing circuits and the power 
supply design are complex due to the required multiple 
isolation barriers and power reference considerations. All 
these elements combined lead to performance degradation, 
reduced power density, and increased cost. In recent years, 
technology and market requirements towards higher power  

ratings, combined with advances in battery and SiC power 
semiconductor technology, both in terms of performance and 
cost, have led to the adoption of 800V batteries [3, 4]. This 
enables to reduce the current in the EV motor and the fast 
charging system, leading to more efficient and higher power 
density implementations. The adoption of 1200V SiC devices 
has made possible also the use of single front-end three-phase 
rectifiers that enable a low complexity and low component-
count implementation (Fig. 1 (b)). This evolution has been 
made in combination with the need for bidirectional power 
conversion to enable OBCs that can cope with modern 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. On-board charger architectures comprising a unity 
power factor ac-dc front-end and a subsequent isolated dc-dc 
converter: (a) phase modular and (b) single front-end stage 
architectures converting three-phase ac voltages ua, ub, uc (or 
alternatively a single-phase voltage uabc) to an isolated dc output 
voltage Ubatt.; and (c) proposed single-/three-phase single-front-
end stage achieving 400V output voltage. 

 



vehicle-to-home (V2H), vehicle-to-vehicle (V2V) and/or 
vehicle-to-load (V2L) charging standards [4]. 

Despite these advances, currently implemented 
architectures still suffers from several limitations when 
operating in a wide range of input and output conditions. In 
particular, operation in single-phase configuration (or split-
phase operation) is challenging for three-phase rectifiers [5], 
requiring an additional current path (Fig. 1 (b)), using high 
voltage diodes or MOSFETs in the case of bidirectional 
operation. This results in lower power conversion efficiency 
and requires the use of additional power electronic 
components when compared to three-phase operation. 
Additionally, the high intermediate dc-link voltage of these 
boost-type three-phase rectifiers, typically 750…850V [6], 
disadvantageously prevents the use of high power-density 
electrolytic capacitor technology, usually rated only up to 
450V. As a result, a series connection is usually adopted, 
requiring additional circuitry for voltage supervision and/or 
balancing. 

In this context, this paper aims at providing a universal 
single-/three-phase solution for bidirectional EV charging. To 
achieve this, a new OBC architecture (Fig. 1 (c)) is 
investigated which is based on the boost-type rectifier from 
[7] that, unlike previous proposals, enables both three-phase 
and single-phase operation with full operating range with no 
required additional power devices or penalties in the device 
stress [8]. Additionally, the 400V intermediate dc-link voltage 
simplifies the use of electrolytic capacitor technology to 
decouple the grid power pulsation in single-phase operation. 
Then, a full-bridge-based dual active bridge (DAB) converter 
[9] completes the OBC to provide isolation, to adapt the 
intermediate dc-link voltage to the battery voltage Ubatt, and to 
enable a fully bidirectional operation. 

The remainder of this paper is organized as follows: 
Section II details the considered OBC architecture, describing 
the rectifier operation in three-phase and single-phase 
configuration and the operation of the isolated dc-dc 
converter. Section III shows a 3D-CAD rendering of the 
constructed prototype, and presents the main experimental 
waveforms and efficiency measurement results. Finally, 
section IV summarizes the main contributions of the paper. 

II. ON-BOARD CHARGER ARCHITECTURE 

The considered OBC power converter architecture is 
based on the single-/three-phase ac-dc front-end from [8] 
combined with an isolated DAB dc-dc converter. 

A. AC-DC Front-End 

The proposed differential rectifier is based on the phase-
modular buck-boost Y-rectifier [7] and comprises three 
identical input stages, each one comprising a buck-boost dc-
dc converter structure connected to a common star "Y" point 
given by the negative dc-link rail. As proposed in [8] the grid 
neutral point n is connected to the positive intermediate dc-
link rail Udc. Each phase is composed of an ac-side half-bridge 
leg, connected to the corresponding grid terminal (which 
shows a positive voltage against the Y-rail), and a dc-side half-
bridge leg, connected to the positive dc output rail (and hence 
also to the grid neutral point), allowing both three- and single-
phase operation. In the case of three-phase operation (Fig. 2), 
grid phase voltages, ua, ub, and uc, are connected to the ac-side 
terminals a, b, and c, respectively and the converter realizes 
sinusoidal grid currents ia, ib, and ic in phase with the 
respective grid voltages.  

The basic operating concept is identical for all phases, and 
is hence only explained for phase a, depicted in Fig. 4. The 

    
Fig. 2. Proposed bidirectional OBC architecture in three-phase operation (top), and main ac-dc front-end waveforms within one grid 
period (bottom left) and main dc-dc waveforms under different battery voltage conditions within one switching period (bottom right). 
 



module structure is formed by the ac- and dc-side half-bridge 
transistors , , , .a a a aT T T T      Two different exclusive operating 
modes can be distinguished within one grid period: 

a) Mode I: When the grid voltage is positive, ua>0, the 
converter operates in a first mode, being the ac-side half-
bridge transitors Ta+, Ta-, complementary switched and T’a+ 
continously activated. Assumimng the switching frequency is 
much higher than the grid frequency, fsw>>fac, the ac-stage ac-
side half-bridge duty cycle, da, results as 
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where the input capacitor voltage of the ac-side half-bridge is 
the sum of the intermediate dc-link voltage and the grid phase 
voltage, udc,a=Udc+ua. In order to ensure proper converter 
operation a strictly positive input capacitor voltage is 
required, udc,a>0, resulting in Udc=400…450V, for universal 
grid operation with a wide grid line-to-neutral RMS voltage 
range of Uac=85…265VRMS. As a consequence, 600V rated 
power devices can be used for the dc-side half-bridge legs, 
whereas 1200V SiC MOSFETs are required for the ac-side 
half-bridge legs (Udc,a,max=Udc+Ua,pk=520…825V), 
independently of the operation in single-phase or three-phase 
mode. 

b) Mode II: Opositely, when the grid voltage is 
negative, ua<0, the converter operates in a second mode, by 
switching the dc-side half-bridge MOSFETs T’a+, T’a-, with 
the upper transistor of the ac-side half-bridge Ta+ continously 

activated. In this case, the resulting ac-side half-bridge duty 
cycle, d’a, is 
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The applied duty cycle profiles, shown Fig. 4 result in a 
mutually exclusive high-frequency switching operation of ac- 
and dc-stage, such that only three out of six half-bridges are 
switched simultaneously in the entire ac-dc front-end, thus 
reducing switching losses. 

 
Fig. 3. Proposed bidirectional OBC architecture in single-phase operation (top), and corresponding main ac-dc front-end waveforms 
within one grid period (bottom left) and main dc-dc waveforms under different battery voltage conditions within one switching period 
(bottom right). 

 
Fig. 4. Operating modes of the ac-dc front-end module a (top), 
and corresponding converter waveforms (middle), and modulation 
parameters (bottom). 



The proposed converter, in contrast to the phase-modular 
buck-boost Y-rectifier [7], advantageously connects the grid 
neutral point n with the intermediate dc-link bus, Udc. In case 
of single-phase operation (Fig. 3), the grid voltage uabc is 
connected to the parallel-connected ac-side terminals a, b, and 
c such that the current is equally shared among the phase 
modules, being 3.a b c abci i i i    The aforementioned 
connection of the grid neutral point and the positive 
intermediate dc-link creates a return path for the single-phase 
grid current iabc. This represents one of the main advantages of 
the proposed converter over previous proposals, since it 
allows full output power range operation in both three-phase 
and single-phase operation without over-dimensioning power 
devices or requiring additional elements. Besides, both ac- and 
dc-side half-bridge legs are referenced to the same point, 
simplifying the isolation considerations and control 
architecture. 

B. Dual Active Bridge DC-DC Converter 

Finally, the OBC architecture is completed with a single 
DAB dc-dc converter that provides isolation. In contrast to the 
buck-boost Y-rectifier [7], the ac-dc front-end from [8] is 
limited to boost operation and hence the DAB converter has 
to adapt the intermediate dc-link voltage Udc to the voltage in 
the high-voltage battery Ubatt. This converter is composed of a 
primary-side full-bridge, ,1,2dabT  and a secondary-side full-

bridge, ,1,2dabT  whose modulation allows bidirectional power 

transfer and adapting the operating conditions to the battery 
voltage. Compared to the state-of-the-art modular approach 
(Fig. 1(a)), the proposed converter achieves the required 
isolated power conversion using a single dc-dc converter, 

reducing the number of power devices, magnetic components 
and further simplifying the isolation and control architecture. 

In order to adapt the 400V intermediate dc-link voltage to 
the wide-range 800V battery voltage, Ubatt=550…850V, 
n=1.34 has been selected as optimum transformer turns ratio. 
Consequently, pseudo-trapezoidal operation can be used for 
the lower battery voltage range, resulting in a minimum 
conduction loss for the most current-demanding operating 
condition (battery fully discharged). Additionally, full ZVS 
soft-switching behavior is obtained in both the primary- and 
secondary-side full-bridge. To minimize losses in the 
medium-to-high battery voltage operating range, secondary 
duty cycle variation has been also applied, as described in [10] 
as optimal modulation profile. All these modulations profiles 
have been depicted both in Fig. 2 and Fig. 3. 
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Fig. 5. 3D rendering of the OBC prototype: top (a) and bottom 
(b) views. 
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Fig. 6. Main experimental results of the considered OBC 
architecture: ac-dc front-end for Uac=230 VRMS operating with 16 
A input phase current at 50 kHz (a) and 100 kHz (b). In each 
figure, from top to bottom: ac- and dc-side half-bridge switch-
node voltage (200 V/div), grid voltage (200 V/div), grid current 
(50 A/div) and inductor current (50 A/div). High-frequency DAB 
converter waveforms for Ubatt=800 V and a transferred power of 
9.2 kW (c). Full-bridge switch-node voltages (500 V/div) and 
transformer primary-side current (50 A/div). 

 



III. IMPLEMENTATION AND EXPERIMENTAL RESULTS 

In order to prove the feasibility of the proposed OBC 
architecture, an 11kW bidirectional prototype has been 
designed and implemented featuring an input voltage range of 
Uac=85…265VRMS (phase voltage) in both three-/single-phase 
operation. The DAB dc-dc stage has been designed to supply 
800V high-voltage batteries with a voltage varying from 550V 
up to 850V. 

The designed prototype uses 1200V & 750V SiC trench 
MOSFETs devices from Infineon in the rectifier stage. The 
DAB converter is implemented using 16mΩ 750V SiC 
MOSFET in the primary-side and 20mΩ 1200V SiC 
MOSFETs in the secondary-side stage. All these devices are 
top side cooled featuring QDPAK package for better thermal 
performance. The power semiconductors are digitally 
controlled using an FPGA (Artix 7-100T from Xilinx). Fig. 5 
shows a 3D rendering of the designed prototype (not including 
the DAB converter transformer which is connected 
externally); whose dimensions are 239x216x58mm3 (3.0dm3, 
3.7kW/dm3, 60W/in3). 

The ac-dc front-end converter has been tested at a 
switching frequency of 50kHz and 100kHz to verify its correct 
operation and perform an efficiency analysis. Fig. 6 shows the 
main experimental results of the proposed converter, 
illustrating the correct operation of the ac-dc front-end 
operating at 16 A input phase current at 50kHz (a) and 100kHz 
(b). In these figures, the grid voltage and current, the inductor 
current, and the ac- and the dc-stage high-frequency switch-
node voltage of phase a can be seen. Additionally, the high 
frequency waveforms of the DAB converter at 9.2kW are also 
shown in Fig. 6 (c). 

Finally, Fig. 7 shows efficiency measurement results 
obtained in the full output power range, i.e., up to 3.6kW per 
phase (a total input power of 11kW). The considered ac-dc 
front-end achieves peak efficiency values above 98% and 97% 
for operation with 50kHz and 100kHz switching frequency, 
respectively, whereas the DAB converter efficiency is close to 
98.5%. 

IV. CONCLUSIONS 

On-board chargers (OBCs) are an essential part of the 
electric vehicle (EV) power conversion architecture and are 
required to operate under a wide range of operating 

conditions. New requirements in terms of single- and three-
phase nominal power operation and bidirectionality, as well as 
the transition towards higher voltage batteries, bring new 
challenges to this field. This paper presents a new OBC 
architecture composed of a boost-type single-/three-phase 
front-end converter based on the buck-boost Y-rectifier and a 
dual active bridge (DAB) dc-dc converter. The considered 
OBC architecture, unlike previous proposals, provides full 
output power range both in three-phase and single-phase 
operation without requiring additional elements or power 
component over-dimensioning. Besides, the considered 
architecture provides additional benefits in terms of cost, 
control, and electromechanical integration due to the single-
stage implementation and simplification in terms of isolation 
and control architectures. The concept has been tested using 
an 11kW bidirectional three-/single-phase OBC, thereby 
proving the feasibility of the system approach. 
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