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Abstract—This paper presents the modulation, design, and
control of a new integrated onboard charger (IOBC) that com-
bines a single-stage, single-phase isolated AC-to-DC DAB-based
converter with the traction inverter and motor windings. The
proposed IOBC achieves unity power factor operation on the grid
side, ensures soft switching across all bridges throughout the line
cycle, and delivers ripple-free battery current via active power
decoupling supported by the traction motor drive. Furthermore,
the paper compares the device losses and volume of the IOBC
with those of the conventional two-stage isolated 1ϕ AC-to-DC
converter. The IOBC significantly reduces volume and cost, and
enhances overall efficiency by leveraging the traction inverter
and motor windings.

Index Terms—IOBC, Single stage, Single phase, GaN

I. INTRODUCTION

Electric vehicles (EVs) are becoming increasingly popular,
driving the need for onboard chargers that provide both cost
savings and user convenience. Typically, EVs include separate
systems for the traction drive and the onboard charger, both of
which use semiconductors and passive components. However,
since only one of these systems operates at a time—driving or
charging—there is an opportunity to optimise hardware usage.
By combining these functions into a single system, known
as an Integrated Onboard Charger (IOBC), it is possible to
significantly reduce the total number of semiconductors and
passive components, leading to lower cost, reduced size, and
improved system efficiency.

In the literature [1]–[3], the traction inverter and motor
winding are modified to create a non-isolated integrated on-
board charger (IOBC), as shown in Fig. 1. The red line
indicates the reconfigurable connections. Similarly, in [4], a
non-isolated configuration was proposed where a standard

inverter is cascaded with the traction inverter (TI), utilizing the
TI as a parallel buck converter. However, non-isolated IOBCs
present significant safety risks, such as electric shock hazards,
potential inverter damage, challenges in voltage matching for
low-voltage batteries, non-zero motor torque during charging,
and additional costs for high-current contactors, making them
impractical for higher power applications.

Fig. 1: Conventional Integrated Onboard charger (IOBC)

As addressed in [5], isolated Integrated Onboard Chargers
(IOBCs) commonly follow a two-stage power conversion
process: an AC-DC power factor correction (PFC) stage fol-
lowed by a high-frequency (HF) isolated DC-DC stage. The
PFC stage ensures input power quality but is hard-switched
and requires a bulky grid-side inductor. The DC-DC stage
is usually soft-switched and manages the battery charging
profile. However, this architecture typically relies on a large
electrolytic DC-link capacitor to handle load transients. This
component increases system volume and, due to its limited
lifespan, reduces the overall reliability of the charger. To
overcome these drawbacks, a single-stage isolated IOBC was
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Fig. 2: Proposed Integrated Onboard charger (IOBC) topology

proposed in [6], eliminating the need for a DC-link capacitor.
While this improves size and reliability, it introduces new
limitations: (a) Second harmonic power is injected directly
into the battery, which can negatively impact battery health and
lifespan. (b) The high-current contactors are used to disconnect
the motor from the traction inverter. These contactors are
expensive and add to the weight and size of the onboard
electronics.

Inspired by the parallel operation of traction inverter (TI)
legs as demonstrated in [4], this paper proposes a novel
Integrated Onboard Charger (IOBC) architecture, illustrated in
Fig. 2. The design combines an isolated single-stage, single-
phase (1ϕ) AC-to-DC converter based on the Dual Active
Bridge (DAB) topology with the traction motor drive system.
This integrated solution enables bidirectional power flow and
ensures soft switching across all bridges throughout the grid
voltage cycle, enhancing efficiency. A key feature of this topol-
ogy is its ability to operate at unity power factor while drawing
second harmonic power from the grid. Instead of injecting
this low-frequency ripple into the battery, the proposed design
utilises the traction inverter operating in parallel to absorb the
second harmonic power. This approach results in a ripple-free
battery current, improving battery health and overall system
reliability. Furthermore, this paper compares the device loss
and volume with the traditional two-stage solution.

II. ANALYSIS

Figure 2 shows the proposed integrated onboard charger
(IOBC) configuration. The motor and charger operations are
controlled using contactors ctg , ct1, and ct2. During motor
operation, ctg and ct1 remain open, while ct2 connects to
position 2. In charging mode, ctg and ct1 are closed. The
highlighted section in Fig. 2 depicts the circuit of a single-
stage, single-phase (1ϕ) AC-to-DC dual-active-bridge (DAB)
converter. A single-phase voltage source, vg , defined in (1), is
connected to an AC-side matrix bridge (AMB) via an Lg−Cg

filter. Here, Vpk is the peak phase voltage, and ω represents
the line frequency in radians per second. The AC-side matrix
bridge is galvanically isolated from the DC-side full bridge
(DHB) through a transformer with a turn ratio of n : 1. An
inductor, L, referred to the DC side, is connected in series

with the transformer. Each switch in the AMB, S1 to S4, is
implemented as a four-quadrant switch using two GaN HEMT
devices in anti-series, labelled as subscript ’a’ and ’b’. On
the DC side, a switching-frequency filter capacitor, Cdc, is
connected to the output of the full bridge. Additionally, a
traction inverter is attached to the DC port to mitigate the
second harmonic current ripple. The equivalent zero-sequence
inductance of the motor winding is represented by Lm, while
Cs is the storage capacitance. The HV battery (VHV ) is
modelled as a voltage source (Vb) with series resistance (Rb)
and series inductance (Lb).

vg = Vpk sin (ωt), īg = Ipk sin (ωt), (1)

The objective of the modulation is to transfer active power
(P ) between the two ends while synthesising a sinusoidal
grid current, as described in (1), where Ipk represents the
peak phase current. A quasi-square wave with a duty cycle
of ds is applied across c′d′ from the AMB, and another quasi-
square wave with a duty cycle of dp is applied across ab from
the DHB. The phase shift between the quasi-square waves, δ,
relates vab and vcd, where vcd = vc′d′

n . The equivalent circuit
is shown in Fig. 3, where vL = vcd − vab and the inductor
current is represented in Eq.

iL =

∫ ty

tx

vLdt+ iL(tx) (2)

To simplify the analysis, a per-unit system is defined with
the following base quantities

Vb = Vdc, Zb = 2πfsL, Ib =
Vb

Zb
, Sb = VbIb (3)

Fig. 3: Equivalent circuit
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The voltage turn ratio, m(t) and per unit input power p(t)
is defined in Eq. 4, where p̂ = 2P

Sb
and Q̂ = 2Q

Sb

m(t) =
|vg(t)|
nVdc

= M | sin(ωt)|, M =
Vpk

nVdc
(4)

j(t) =
nIpk
Ib

| sin(ωt)| (5)

p(t) =
vg(t)īg(t)

Sb
=

2P

Sb
(1− cos(2ωt)) (6)

(7)

The switching cycle waveform is illustrated in Fig. 4. Using
the three modulation parameters (dp, ds, δ), power transfer is
achieved, and the grid current is synthesized.

Fig. 4: Switching cycle waveform of vcd, vab, vL, iL, ig and
idab

The analytical solution that minimizes the RMS value of the
inductor current, as referenced in [7], [8], is summarized in
TABLE I and TABLE II. In TABLE I, j(t) is the per-unit grid
current generated by the controller. Based on m(t), the values
of jc1(t) and jc2(t) are determined using TABLE I. Next,
based on m(t) and the value of j(t) within the range [0, π

4 ],
the duty cycles dp, ds, and the phase shift δ are obtained from
TABLE II. A representative line cycle waveform of the pole
points and the inductor current is shown in Fig. 5. Ideally,
the single-stage converter does not store energy during the
switching cycle, causing this pulsating power to appear at
the battery terminal. A traction inverter is used to extract
the pulsating power and ensure ripple-free battery current.
The traction inverter operates as a buck-type active power
decoupling (APD) circuit. The operation and control of half
bridge buck type APD can be found in [9]. Here, three legs
are operated in parallel to prevent motor rotation. The motor

winding zero-sequence inductance value is fixed at 375µH .
The storage capacitance, Cs, of Cs and the APD switching
frequency are 500µF and 15 kHz, respectively. The devices
are selected based on their RMS current ratings, which are 1.5
times the RMS current flowing through them. As the RMS
currents through the devices in both the AMB and DHB are
similar, the GaN HEMT device GS66516B, with a current
rating of 47A at 100◦C, is chosen. Based on the specifications

Fig. 5: Representative waveform over the line cycle at the pole
points of the H-bridges

provided in TABLE V, conduction loss minimization was
carried out by referring to the method in [8]. The values of the
turn ratio (n) and series inductance (L) were determined to be
0.702 and 35.16µH , respectively. The grid filter capacitance,
Cg , was calculated using the charge balance method, resulting
in a value of 19.79µF . The filter inductance, Lg , was designed
by setting the resonant frequency of the Lg-Cg filter to one-
tenth of the switching frequency, yielding a value of 51.2µH .
Unity power factor operation on the grid side injects pulsating
power into the converter.

A load-independent closed-loop control for the AC-to-DC
single-stage converter is implemented to regulate the voltage
across the capacitor Cdc. The voltage controller generates a
power reference, which is converted to the grid current by a
scaling factor. This grid current is then compensated for the
phase lag caused by the Lg −Cg filter and fed into TABLE I
and II to determine the duty cycle parameters (dp, ds, δ). The
control block diagram is illustrated in Fig. 6.

The conventional topology for the two-stage design consists
of a bridgeless totem-pole power factor correction (BTPFC)
converter [10] followed by an isolated DC-DC DAB converter
[7] as shown in Fig. 7. The BTPFC grid inductor is designed
to allow a maximum current ripple of 30% at a switching
frequency of 50 kHz, resulting in a value of 217µH . Similarly,
the DC link capacitor is designed to keep the DC ripple voltage
within 7.5% of the nominal DC bus voltage, with a calculated
value of 1000µF . The DC-DC DAB inductor is designed to
minimize the RMS current using Triple Phase Shift (TPS)
modulation [7]. The transformer turn ratio is found to be 1.2:1,
and the inductor value is determined to be 27µH . To ensure a
fair comparison, the same devices as those used in the single-
stage solution are utilized in this design.
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TABLE I: Current Boundary level

jc1(t) jc2(t)

m(t) ≤ 1 πm(t)(1−m(t))
2

(1−m(t))π
2m2(t) (−1 + 1√

1−m2(t)
)

m(t) > 1 π(m(t)−1)
2m2(t)

π
2 (1−m2(t) +m(t)

√
m2(t)− 1)

TABLE II: Optimal Modulation parameters

j(t) ∈ [0, jc1(t)) j(t) ∈ [jc1(t), jc2(t)) j(t) ∈ [jc2,
π
4 ]

m(t) ≤ 1

dp =
√

2m(t)j(t)
(1−m(t))π πdp(1− δ) = m(t)π(2dp − d2p)− 2m(t)j(t) dp = 1

dp = m(t)ds ds = 1 ds = 1

δ = (1−m(t))ds δ = 1−
√
2dp − d2p −

4j(t)
π δ = 1−

√
1− 4j(t)

π

m(t) > 1

dp = m(t)ds dp = 1 dp = 1

ds =
√

2j(t)
(m(t)−1)π πds(1− δ) = π

m(t) (2dp − d2p)−
2j(t)
m(t) ds = 1

δ = (m(t)− 1)ds δ = 1−
√

2ds − d2s −
4j(t)
π δ = 1−

√
1− 4j(t)

π

Fig. 6: Block diagram of closed-loop control of single-stage AC DC converter

Fig. 7: Conventional isolated two-stage AC to DC DAB converter

III. SIMULATION RESULT AND COMPARISON

The simulation is performed based on the design param-
eters, and the results are shown in Fig. 8 to Fig. 11 for an
operating point where the HV battery voltage is 400V and the
power transfer is 3600W. Fig. 8 illustrates the grid voltage,
grid current, HV battery voltage, and HV battery current.
Initially, the single-stage converter performs a soft start with
the traction inverter deactivated. During this phase, the output
DC capacitance (Cdc) charges from 0V to 400V. Once Cdc is
fully charged, the battery is connected via the contactor ct2,
allowing the DC average current and second harmonic current
to flow into the battery. Afterwards, the traction inverter starts
functioning as an active power decoupling (APD) circuit,
eliminating the ripple in the battery current, as shown in Fig. 8.
Fig. 10 presents the waveforms at the high-frequency terminal
(vc′d′ , vab, iL), while a zoomed-in view of these waveforms

near the maximum grid voltage is provided in Fig. 11. Finally,
Fig. 9 shows the voltage and current waveforms of the APD
capacitor (Cs).

The two-stage AC-to-DC converter is simulated in DC-to-
AC mode at the same operating point of 3.6kW power and a
battery voltage of 400V. The simulation results are presented in
Fig. 12 and Fig. 13. Fig. 12 illustrates the AC-side voltage and
current along with the battery voltage and current. Meanwhile,
Fig. 13 shows the high-frequency pole voltage and inductor
current of the DC-DC DAB stage.

The loss distribution for the single-stage and two-stage
solutions, based on the selected devices, is depicted in Fig. 14
and Fig. 15, respectively. The inductor volume is quantified
using the factor k∗L = LIpkIrms, where L is the inductance in
µH, and Ipk and Irms represent the peak and RMS inductor
currents, respectively. Similarly, the capacitor is quantified
using a factor k∗C = CVc(peak)IC(rms), where C is the capac-
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itance in µF, and Ic(rms) and Vc(peak) represent the RMS of
the capacitor current and peak capacitor voltage, respectively.
The designed values of passive elements for both topologies
is given in TABLE IV. A detailed comparison of the two
solutions, including loss and volume, is summarized in TABLE
VI. Suitable and relevant experimental results supporting the
simulation results to prove the validity of the concept will be
given in the final paper.

TABLE III: Designed values of the passive components for
Proposed IOBC (Fig.2)

Lg Cg n L Cdc Lm Cs

51.2µH 19.79µF 0.702 35.16µH 50µF 375µH 500µF

TABLE IV: Designed values of the passive components for
Conventional topology (Fig.7)

Lg Cdc n L Cf

217µH 1000µF 1.2 27µH 50µF

Fig. 8: Simulation waveform of grid voltage, grid current, HV
battery voltage and current. (Fig.2)

Fig. 9: Voltage across and current through the capacitor Cs.
(Fig.2)

Fig. 10: Voltage across c′d′, ab and current through inductor
iL. (Fig.2)

Fig. 11: Zoomed highlighted area of Fig. 10

Fig. 12: Voltage and current waveform at the AC side and the
DC side. (Fig. 7)

Fig. 13: Voltage across c′d′, ab and current through inductor
iL. (Fig.7)
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TABLE V: Specification

Parameter Value
Supply voltage 200 Vrms, 50Hz
Battery voltage 310 V - 400 V (Nominal)
Output power 900 W - 3600 W

Switching frequency 50kHz

TABLE VI: Comparison between single stage and two stage
converter at VHV = 400V and Power of 3.6kW. (k∗L =
LIpkIrms, k∗C = CVc(peak)IC(rms))

Single stage Two stage
Total device loss 78.37W(2.1%) 59.27W(1.6%)

Total inductor volume(k∗L) 12687 129885
Transformer VA 3920 4235

Electrolytic Capacitor Volume(k∗C) 1.814 4.336

IV. CONCLUSION

The integrated single-stage AC-to-DC converter is designed
and simulated based on the given parameters. While this
design experiences higher device losses (both conduction and
switching), it achieves a smaller transformer VA, a halving
of the electrolytic capacitor volume, and a tenfold reduction
in total inductor volume compared to conventional two-stage
solutions. This significant decrease in inductor volume is
essential for high-power density applications, as it also reduces
magnetic losses. Despite the increased device losses, the
single-stage IOBC offers a compact and cost-effective solu-
tion, reducing the size and cost of passive components while
maintaining comparable performance in grid current THD,
battery current ripple, and efficiency, making it a practical and
economical solution for the EV market.
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