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Abstract—Electric Vehicles (EVs) are becoming a cleaner
alternative for transportation, but their growth depends on com-
pact, efficient, and cost-effective charging solutions. Single-stage
converter topologies are key enablers, benefiting both users and
manufacturers. This paper presents a novel modulation strategy
for a bidirectional isolated single-stage, three-phase AC to DC
converter based on the dual-active-bridge(DAB) operation. The
proposed modulation strategy enhances power transfer capability
compared to existing methods. It operates with a minimal number
of modulation parameters to offer a simple analytical closed-form
solution for easy implementation and control. It ensures a high-
quality input current waveform free of low-frequency harmonics,
making it well-suited for power conversion applications with high
efficiency and high power density.

Index Terms—Three-phase, Single-stage AC-DC conversion,
Modulation, UPF operation

I. INTRODUCTION

The adoption of electric vehicles to tackle global warm-
ing is rising [1]. Fast-charging infrastructure is essential for
widespread EV adoption. However, the high cost of charging
stations and limited space in city residential areas make
installation difficult. To address this, efficient and compact
power converters are needed to reduce costs for both customers
and businesses. For safety reasons, these converters should be
electrically isolated. Another challenge is the lack of standard
battery voltage levels across different EV models, making it
hard to develop universal charging solutions. The conventional
state-of-the-art topology is the two-stage three-phase AC to
DC converter [2]. It consists of an active front-end (AFE)
AC to DC converter followed by an HF-isolated DC to DC
converter. The active front-end converter used to control grid
power quality is hard-switched and requires a bulky grid-side
inductive filter. The HF-isolated DC-DC converter controls
the voltage and current at the load side. The whole system
generally requires a bulky electrolytic DC capacitor in the
DC bus, which increases the system volume and affects the
lifetime and reliability of the whole system due to the limited
lifetime of the electrolytic capacitor. The efficiency also drops

Sayan Paul
Department of Electrical Engineering
Indian Institute of Science
Bengaluru
sayanp @iisc.ac.in

Kaushik Basu
Department of Electrical Engineering
Indian Institute of Science
Bengaluru
kbasu@iisc.ac.in

due to the cascaded converters, placing an upper limit on the
efficiency.

With the advent of the high-performance SiC MOSFET and
the start of the development of bidirectional voltage capability
devices (BiDFET), the direct isolated single-stage three-phase
AC to DC converters are becoming popular [3]. It does the
power conversion and provides the isolation through one stage
only. It replaces the bulky grid-side inductive filter with a small
capacitive filter. It eliminates the need for bulky electrolytic
DC link capacitors. It also ensures the soft-switching capability
over most regions of the line cycle. One such 3¢ dual-active-
bridge (DAB) based single-stage isolated bidirectional solution
with soft-switching capability is shown in Fig. 1. The topology
consists of AC side matrix legs and DC side full bridge, which
are galvanically isolated by a high-frequency transformer and
a series inductor. This paper proposes a novel AC-to-DC
conversion strategy, known as the modulation strategy, of this
converter.

The objective of the modulation strategy is to transfer
constant power from AC to DC or vice versa while shaping
the sinusoidal grid current preferably at unity power factor and
without injecting any low-frequency harmonics into the grid.
For a balanced 3¢ 3-wire system, one needs to shape any two
phase currents, therefore, at least two independent parame-
ters, also termed modulation parameters, are required. Higher
modulation parameters enhance the flexibility to minimise the
current stresses and attain soft-switching but at the cost of
increased control complexity. [4]-[6] uses three modulation
parameters but injects low-frequency harmonics into the grid
due to the simplified assumption of the series inductor current.
An accurate current wave-shape is considered by [7] using
four modulation parameters, but it couldn’t provide closed-
form expressions of the modulation parameters due to the com-
plexity of the problem. Another kind of modulation strategy
was adopted by [8]-[10], where half-wave symmetry is not
maintained over one switching period.

This paper devises a new modulation strategy using two
parameters, which maintains half-wave symmetry over every
switching cycle and does not inject any low-order harmonics
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Fig. 1: Topology of a single-stage 3¢ AC-to-DC DAB-based converter.

into the grid. It provides analytical closed-form expressions
of the modulation parameters, which simplifies the control
and implementation. The proposed strategy is verified through
experiments in a laboratory-scale hardware prototype.

II. ANALYSIS

Fig. 1 shows the circuit configuration of a single-stage three-
phase (3¢) AC-to-DC DAB converter. The balanced sinusoidal
3¢ voltage source, with line-neutral voltages vg,, vy, and
vpy given in (1), is connected to the 3¢ AC-side matrix bridge
(AMB) through L, — C, filter. Here, V), is the peak of the
phase voltage, w is the line frequency in rad/sec. This AMB
is galvanically isolated from the DC-side H-bridge (DHB)
through a high-frequency transformer with a turns ratio n : 1
and series inductor L, referred to DC side, connected between
the pole points of AMB and DHB bridges. Each of AMB
side switches, S7 to Sg, is a four-quadrant switch, and one of
its realisations using two MOSFETSs connected in anti-series
is shown in Fig. 1. A high-frequency filter capacitor, Cy., in
parallel to the load resistor, R, is connected in the DC-port
of the DHB.

VRn = Vpi cos (wt)
2T
Vyn = Vpk‘ COoS (Wt - ?)’ (D)

4
VBn = Vpr cos (wt — %)

The objective of modulation of the above converter is to
synthesise the sinusoidal 3¢ currents in an average sense.
For the unity power-factor (UPF) operation, these current
expressions are given in (2) with I, being the peak of
phase current. Throughout the paper, the bar over a variable

. . . A1
represents the average over a switching period 75 = 7o where
fs is the switching frequency.

ir = Iy cos (wt)

- 27

ty = Ip cos (wt — ?) )
- 4

ip = Ly cos (wt — ?ﬂ)

Fig. 4 plots three line-to-line voltages with positive and neg-
ative signs for wt € [0, 2x]. Like in a pulse-width-modulated

Fig. 2: Equivalent circuit

matrix converter, the modulation of this DAB converter is
also performed using the available two maximum line-to-line
voltages. Based on this, the complete line cycle is divided into
twelve equivalent sectors, spanning 30° each, as shown in Fig.
4. The discussion of the modulation in the rest of the paper
is limited to sector-12, where —30° < wt < 0°, and vry and
vrp are the two line-to-line voltages used for the modulation.
Similar analysis can be extended to other sectors as well.
For a 3¢ 3-wire connection with the neutral point floating,
ir + iy +ip = 0. Therefore, one needs to synthesise any
two phase currents as (2), and the third phase current will be
automatically shaped. As shown in (4), the constant power
processed by the 3¢ converter can be decomposed as two
single-phase units— vpy and vrp as their phase voltages, and
—iy, —ip are the currents to be synthesized, respectively.

P= rURni;% + UYni;’ + UB71,7fB (3)
= vy (—iy) + vrB(—iB) 4)

To synthesise the —iy and —ip currents, the modulation
of this converter requires at least two independent parame-
ters, known as modulation parameters. Fig. 3 illustrates the
proposed modulation scheme of 3¢ AC-to-DC DAB over one
switching cycle in sector-12 using two modulation parameters,
dry and dgp, respectively, which are the duty ratios for which
vry and vrp voltages are applied. Observe that except the
above line-to-line voltages, zero voltage is also applied, whose
dwell time is denoted by d., and d, = 1 — dgy — drp. Fig.
3 also indicates the AMB and DHB switches which are in an
‘ON’ state to attain the desired voltages, the rest all are turned
off. The voltages applied by both AMB and DHB, v. 4 and
Vab, have half-wave symmetry, therefore, the key features of
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Fig. 3: Proposed symmetrical modulation scheme of 3¢ AC-
to-DC DAB in sector-12 over a switching period.
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the proposed strategy over half of the switching period are
discussed below-

1) The sequence of applied voltage by AMB is 0 —
vrp(second largest) — vgy (largest) — vrp — 0.

2) d, and dgrp (the second-largest voltage dwell time) are
equally divided, and the corresponding voltages are applied
at the beginning and end of the half of the switching period,
resulting in a symmetrical waveform v/ g .

3) DHB side applies square wave v, Which always transits
from —Vj. to V. at % for a power transfer from AC-to-DC
side.

Due to the above operation, the series inductor current 7y,

can be determined from the applied voltage across it as (5),
v, coupled with the fact that the average of iy over Ty is
zero. The equivalent circuit is shown in Fig. 2. Observe that
VL = Ved — Vap, Where vog = Ui# Fig. 3 shows the piecewise
constant v, and the resultant piecewise linear ¢; waveforms
over T,. As vy has half-wave symmetry, so is ¢; at steady
state. Therefore, the expressions of switching instant currents
over %, i.e., ir1 to 15, are determined and given in Table
10. They are functions of V., vry, vrp, dry, and dgrp.

TABLE I: Expressions (mutliplied by -Yd<

) of switching

. 2 fs L
instant currents; mprpg = ;’{}f , MRy = Z"Z‘l’ .
L0 —Z(drympy + drpmpgp)
i1 —%(dry +drp +drymgry + drpmrp — 1)
ir2 —%(dry +drympy — 1)
iL3 5
L4 71 —dry +drympry)
iL5 5(1 —dgrp — dry + drympy + drpmpgBp)
R :
ZL:*/ ’ULdt—FZL(tw) (5)
L J,

x

The instantaneous input phase currents can be determined
from the reflected i;, in the AMB side, that is % and the
switching functions of AMB side switches, as given in (8)
(refer Fig. 3). Here, Gg, is the switch signal for the S,
switch; it is 1 when the switch is ‘ON’, otherwise zero,
x € {1,2,..,6}. The switching cycle waveforms of iy and ip
are shown in Fig. 3. One can take the switching-cycle average
of iy and ip to determine iy and ip, respectively, and the

expressions are given in (10). ir = —(iy +ip).
. 7
iy = (Gs, = Gs,) x -, 6)
. 7
ip = (Gg, — Gs,) x% 7)
1R = —ly — iB; 3
= Vdc 2
= dpHy — 2d
1y 8nst( RY RY) 9
- d V C
ip = -2 % (2dpy +drg — 2) (10)

8nfsL

Solving (10), it is possible to find the exact analytical
closed-from solution of dry and drp as given in (12). If
the desired 7y and ip are substituted from (2) in (12), the
variation of dry and dgrp as functions of wt in sector-12, i.e.
—30° < wt < 0°, are obtained with I, as a parameter.
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dny =1— /14 2nfsLiv (11)
Vdc
SnfsLiy Snf,Liy 8nf.Lip
drp = /1+ ———F — /1
B \/ * Vdc \/ * Vdc * Vdc
(12)

Note that one needs to satisfy 0 < dgry,dgrp,d, < 1 for
the entire sector-12 operation, which constraints the maximum
I, attainable by the proposed modulation strategy. A nor-
malization factor is introduced here and termed as modulation
current index, M7, as a measure of I, and it is defined as
M; & W The duty with normalised duty is shown in
(13).

4aM 2
dRy=1—\/1+ICOS(wt—7T)
m 3
I I

4M 4M
dRB\/1+ \/1

Out of the six duty constraints, the active inequality con-
straints limiting the maximum attainable Mj, denoted by
M7 maq, are the following one: drp > 0. Satisfying these is
equivalent to meeting (14) for the entire sector-12. The region
where the (14) is valid is shown in Fig. 5. The maximum M7
which exist for all —30° < wt < 0° is the maximum M at
wt = 0°, which can be found out to be 7.

2m
t— —) —
cos(w 3 )

cos(wt)
(13)

4
1—

M
Lcos(wt) >0 ¥ wt e [-30°,0° (14)
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III. EXPERIMENTAL RESULTS

The proposed modulation scheme has been verified in the
hardware prototype with L = 39uH and n = 1. Fig. 6 shows
the experimental setup. SiC MOSFET IMZA120R040M1H is
used in both AMB and DHB sides, and the Zynq-7010-based
controller is employed for the implementation. The switching

o

frequency and fundamental grid frequency are 50kHz and
50 Hz, respectively, for the experiment.

Fig. 7 shows three line-to-line voltages, vry, vyp, and
vpR, and the phase current i¢p, iy, and ¢p for Vi, = 400V,
Vpr = 58V, and input power of 350 W. The FFT of the phase
current (iy) is shown in Fig. 8, and the THD of the phase
current was found to be 0.78%. The line-cycle variations of
Vab, Verd’, and ¢p, are shown in Fig. 9 along with vy r and
phase current 7y-. The zoomed switching cycle waveform of
Fig. 9 near wt = —30° and wt = 0° are shown in Fig. 10 and
11, respectively.

Inductor &
Transformer

AMB DHB FPGA based
Interface card

Fig. 6: Experimental setup

Fig. 7: Line voltages and phase currents
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Fig. 8: Fourier transform of the phase current (zy)
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IV. CONCLUSION

The paper presents a novel modulation strategy of bidirec-
tional isolated single-stage three-phase AC to DC DAB-based
converter. This strategy utilizes two modulation parameters,
offering a simple analytical closed-form solution, which makes
it easy to control and implement. The proposed modulation
scheme retains half-wave and quarter-wave symmetry over
every switching cycle and it doesn’t inject any low-frequency
harmonics into the phase currents. The proposed scheme is
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validated through experimental results at DC voltage of 100 V
and power levels of 350 W.
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