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ABSTRACT - This paper proposes an enhanced modulation
for the isolated and bidirectional single-stage three-phase Quad-
Active-Bridge (QAB) AC-DC converter. In the QAB AC-DC
converter, a DC OFFSET is controlled at the neutral point,
allowing grid voltages to be modulated using unipolar voltage
switches. In the proposed modulation, the offset grid voltages are
modulated by a symmetrical duty ratio whose angle changes
according to the instantaneous grid frequency, whereas the DC
source is modulated by a 50% symmetrical duty ratio (DR) and a
phase-shift (PS) to control the bidirectional power transfer. Hence,
the command signals can be easily calculated. Converter design,
simulation, and experimental results are presented. Grid currents
with very low THD (2.8 %) are obtained in open-loop operation.

Keywords— AC-DC converters, single-stage, bidirectional,
isolated, Quad-Active-Bridge

1. INTRODUCTION

Single-stage (SS) three-phase (3P) AC-DC converters
facilitate bidirectional power flow and galvanic isolation while
also offering superior performance compared to conventional
two-stage AC-DC converters. The most widely used SS 3P AC-
DC converters are illustrated in Fig. 1. These converters provide
advantages such as reduced volume, improved efficiency, and
longer lifetime [1]. However, the main drawback is the
complexity of the modulation techniques used.

For example, the converter shown in Fig. 1a is composed of
three independent SS single-phase AC-DC converters. Each
AC-DC converter integrates a low-frequency rectifier (LFR)
cascaded with a DAB DC-DC converter, which is modulated
using a fixed or time-variant switching frequency [2]-[5]. Note
that many switches are required, which decreases the converter
efficiency and increases the converter price.

In contrast, the SS 3P DAB AC-DC converter in Fig. 1b [6]
features fewer switches and incorporates only one high-
frequency (HF) transformer, increasing the converter efficiency.
However, the use of bipolar voltage switches in the matrix
converter for grid modulation introduces a high complexity, and
switch protection is also required [3].

Alternatively, the Quad-Active-Bridge (QAB) AC-DC
converter shown in Fig. 1c [7] uses fewer unipolar voltage
switches thanks to the offset added to the grid voltages by means
of controlling the DC voltage Vg in the capacitor ¢, series-
connected in the grid neutral point. Hence, the converter price
can be reduced. However, similarly to the DAB AC-DC
converter, it requires a complex modulation, presenting

significant challenges in calculating the phase-shift angles
required to control the bidirectional power transfer between the
grid and the DC-source. Therefore, novel modulations must be
developed to promote its usability.
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Fig. 1. SS 3P AC-DC converters a) Modular LFR cascaded to DAB single-
phase AC-DC converters) b) DAB AC-DC c) QAB AC-DC converter



This paper proposes a simpler modulation for the QAB AC-DC
converter. With the aim of highlighting the novelty of the
proposed modulation, the existing modulations for DAB and
QAB AC-DC converters are detailed below.

2. EXISTING MODULATION FOR MODULAR DAB AND QAB AC-DC

This section presents the modulation strategies used in
topologies using unipolar voltage switches, as depicted in Fig.
la and Fig. 1c, respectively. For this purpose, the 3P grid
voltages are defined by:

Van = Vmsin(wgt);
Vpn = Vppsin (wgt - 2?”), (1)
kvcn = V,sin (wgt + 2?71)
whereas the corresponding 3P grid currents are given by (2).
ig = Ipsin(wyt);
ip = L,sin (wgt - 2?”), (2)
e = Insin (gt +2);
where V,, and I,,, are the amplitudes of grid voltages and
currents, respectively, and w, represents the grid frequency.

A. Modulation for modular DAB AC-DC converters

The inner-mode and outer-mode modulations, introduced in
[8] for DAB DC-DC converters. Both modulations are
illustrated in Fig. 2.
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Fig. 2. Modulation modes in SS DAB AC-AC converter: (a) Inner (b) Outer

Note that the inner mode occurs when v, (the modulated
battery voltage) is fully contained within v, (the modulated
grid voltage). Therefore, the PS angle ¢ must satisfy the
following constraint || < ¢, where @ denotes the bounding
phase-shift defined by:
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where Ty is the switching period and a the DR (see Fig. 2). The
inner-mode modulation for SS DAB AC-DC was introduced in
[2], where the average current {i,) is given by (19).

(ig) = 2o 5d )

4Lfs

being n the turns-ratio relationship of the High Frequency (HF)
transformer, V, is the battery voltage, L is the HF inductance, f;
is the switching frequency, which takes a constant value. The
parameters § and d are associated through the relations § =
4¢f; and d = 2af;. Note in (4) that (i,) is linearly dependent
on & and d which are non-dimensional parameters. Hence, the
command signals for inner mode modulation are given by:

{d =dx sin(wgt)
[0l <1—d

where d varies at low frequency according to w,, being d the
amplitude. Then, according to (4), the parameter d controls the
time variations of (i,) whereas § controls its amplitude.
However, the main constraint of this modulation is the high
resolution required for practical implementation and the high HF
current resulting.

On the other hand, the outer-mode represents the
complementary condition of inner-mode, it means |p| > @5 [8],
where @5 is given by (3). Hence, the outer-mode modulation for
SS DAB AC-DC was introduced in [3], where the average grid
current (i, ) is given by:

(i) = —¢ 6)

Lfs var

®)

where f; is time-variant according to (7), with the aim of
obtaining a linear relationship between (i,) and ¢.

fs = fs_var(l - 2¢) )
Therefore, the command signals are given by:

{(p = @ X sin(wgyt)

a=2p ®)

Note that, according to (8), ¢ controls the amplitude and the
low frequency variations of {i,). However, the main limitation
of this modulation lies in the high complexity associated with
varying f, according to (7). This results in increased design
effort for the HF inductor, the HF transformer, and the EMI
filters. Similar approaches for outer mode have been proposed

in [4][5].
B. Modulation for the QAB AC-DC converter

In the QAB AC-DC converter (see Fig. 1c), the voltage V,px
across the capacitor Cy is regulated to maintain a constant DC

value greater than the peak grid voltage V,,,. Therefore, the QAB
voltage inputs on the AC side are expressed by:

U] = (U]n + VOFF) >0 (9)

where j=a,b,c and v,,, v, and v, are defined in (1);
whereas V, g is controlled by the neutral current i,, given by:

in=(ig+ip+i.) (10)

being i,,i,,i. defined in (2). Hence, under steady-state
conditions, i,, = 0 and V,r remains constant.

(iy) = Ksin (%) -n (vbsin (%) sin(p, — ¢p) + v sin (%) sin(g, — <pc)> —V,sin (%) sin(@, — ¢,) - ;
(ip) = Ksin (%) -n (vasin (%) sin(@p — @q) + v sin (%) sin(@p, — (pc)) —V,sin (%) sin(pp — @) _ ; 11
(i.) = Ksin (%) »n (vasin (%) sin(p; — @q) + vpsin (%) sin(p, — <pb)> —V,sin (%) sin(p; — ¢,) - ;



The PS angles ¢,, @3, ¢, ¢, and DR angles a,, a,, a., a, are
calculated by a Newton-based optimization algorithm.
Therefore, the average input currents (i, ), (i,) and (i.) in AC-
side, for one switching period, are given by (11), being K a
constant determined by the HF inductor value, n and f;.

Note that the average currents given by (11) must match the grid
currents given by (2). Therefore, this modulation involves high
computational effort to calculate the command signals because
of the non-linear dependence between the grid currents, the
command signals, and the grid voltages.

For the above mentioned, this paper proposes a simpler
modulation for the QAB AC-DC converter. Unlike the existing
modulation, the resulting grid currents exhibit a low THD, and
the command signals can be easily obtained with a low
mathematical effort.

3. THE PROPOSED MODULATION

The proposed QAB AC-DC modulation is shown in Fig. 3.
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Fig. 3. The QAB AC-DC converter: (a) scheme (b) proposed modulation

In the proposed modulation, the offset grid voltages v,, v,
and v,, are modulated by symmetrical functions whose DR
angles are given by a,, a;, and a,, whereas the DC source V, is
modulated by a 50% symmetrical function. The resulting HF

L(ﬂ)s) - Tw L
. 4
L@Ews) = 9 w,L,

lL(SwS) 25mwgLy

[I/;, cos(Bwst — 3¢) + 3nVyprsin(Bwgyt) cos(3wst)]

voltages vans, Vpns, Veny and vopp are shown inin Fig. 3b. Note
that v, is phase-shifted ¢ with respect to vq,f, Vppy and vy

Then, the average input currents (i,), {i,) and (i.), in the
AC-side, for one switching period, can be calculated as:

((ia) = [K, sin(@)] sin (%2);
(iy) = [Ky sin(p)] sin () (12)
(i¢) = [K, sin(@)] sin (%);
where:

8nl,
T2 wsL,

L=

being n the turns-ratio relationship of the HF transformers,
L, is the HF inductance and w is the switching frequency,
which takes a constant value. Then, by comparing expressions
(12) and (2), the PS angle ¢ and DRs angles can be calculated
using (13) and (14), respectively.

. (Im
@ = asin (K_L) (13)
7’1 = wyt;
% = wgt -Z; (14)
277:

Therefore, the proposed modulatlon strategy enables

straightforward parameter calculation compared to the approach
presented in [7], resulting in a simpler modulation scheme.

Fig. 4 presents the simplified HF equivalent circuit of the QAB
AC-DC converter. The AC-side HF voltages, expressed in
Fourier series form, are given by:
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Fig. 4. The simplified HF equivalent circuit of the QAB AC-DC converter
a
—cos (k(— - 7’) sin(kwst)] (15)

where v;,, denotes the QAB voltage as defined in (9), and a; is
the DR for phase j, with j = a, b y ¢. The DC-side HF voltage,
expressed in Fourier series form, is given by:

[Zk 135.. sm(ka)st — (p)] (16)

denotes the battery voltage.

v]hf - v]n [Zk 1,35...

Vonr =

where 1/,

[V cos(wst — @) — EnV cos(wst)]

(17

[V cos(Swst —5¢) += nV mCOS(6wgyt) cos(Swst)]



The current i, is given in (17), for the first three harmonics.
Note that for the fundamental harmonic at w,, the current
depends on ¢. In contrast, the remaining harmonics present
oscillations at low frequencies, multiples of the grid frequency
wg, but their amplitudes are reduced progressively.
Consequently, the QAB AC-DC converter design can be based
on the fundamental harmonic at w.

Therefore, to achieve an HF minimum current at the initial
instant ¢ = 0, the DC- and AC-side voltage, the fundamental
harmonic of the resulting modulated voltages, must match.
Consequently, the transformer turns-ratio n are calculated by:
_ 2V (18)

e

By substituting (18) into (13), the critical inductance L, _,;; for
a PS angle ofg rad is obtained, as indicated in (19).

8vg

2
Pomt? wg

(19)

Lr_crit =

Therefore, the HF inductance L,. is selected below this value to
ensure proper power transfer.

Moreover, to calculate the maximum HF current, the expression
of i, given in (17) is derived with respect to grid frequency w,t.
Then, the maximum occurs at w,t = (4k + 1) % where the HF
equivalent voltage v,, (see Fig. 3) reaches its peak value.

4. QAB AC-DC DESIGN

The proposed modulation is validated by simulation and
experimentally using the parameters described in Table 1. First,
n = 0.86 and L, . = 122.9 pH are calculated using (18) and
(19) respectively. Since L, < L, ¢, Ly is chosen in 109 pH.
The AC filter and Cy are calculated as proposed in [9].

Table . QAB AC-DC converter parameters

Item Value Item Value
DC-Source
Voltage and .
nominal Power 400V, 1.4 kW HF inductor L, 109 uH
(Vo )
Grid Voltage 220V RMS, 60 Turns-ratio HF 1:0.86
(line - neutral) Hz transformers (1: n) e
Switching LC Input Filter
frequency (£.) 120 kHz (L.,C)) 200uH, 1uF
OFFSET Vypp Damping resistor
and ¢ 350V, 15uF () 1.1Q

With the previous considerations, a PS angle of 1.09 rad
(62.5°) is calculated using (13). Hence, the HF current
waveforms are obtained as a function of w,t variation within

one switching period, as illustrated in Fig. 5. At 0 rad (0°),
the waveform starts in state 1, as illustrated in Fig. 5a. Then,

during 0 < wgt <g rad to state 2, shown in Fig. 5b, until
reaching the maximum at% rad (30°) corresponding to state
3 in Fig. 5¢. As w,t increases, the waveform returns to state
2 during% < wyt < 7 rad, and at = rad (60°) returns to state 1.
From g < wgt < g rad, the waveform operates in state 4,
illustrated in Fig. 5d, and at g rad (90°) in state 5, shown in Fig.

5e. Subsequently, from g <wyt < 2?" rad, the waveform returns

21

to state 4, and finally, at ey rad (120°), the waveform back to
state 1. This sequence repeats with a periodicity of 120°. The
maximum current, 7.6648 A, is observed when the HF
equivalent voltage v,, reaches the peak value (in 30°). Hence,
the HF current varies with grid frequency and ¢.
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5. SIMULATION AND EXPERIMENTAL RESULTS

The simulation results for the nominal power and parameters
indicated in Table I, are presented in Fig. 6. The resulting grid
currents, one phase of the grid voltage, and the offset grid
voltage are shown in Fig. 6a. Additionally, Fig. 6b shows the
modulated offset grid voltage and the resulting HF current,
considering three grid periods. Note that the HF current takes a
quasi-constant amplitude throughout the grid period. Finally,
Fig. 6¢ shows the resulting HF current over 4 switching periods.
Note that the shape and amplitude of the HF current match with
the analytically derived waveform shown in Fig. 5c.
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Fig. 6. Simulation results for 1.4 kW power at: (a) LF parameters (b) HF
parameters (c) Over 4 switching periods

The experimental resulting grid current, for 1.4 KW power, is
shown in Fig. 7. A very low THD (2.8%) was obtained.
Similarly, the resulting modulated voltages and HF current,
evaluated at w,t = 30°, are shown in Fig. 8. Note that the
waveform corresponds to Fig. 5c, validating the proposed
modulation.
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Fig. 7 Experimental results for 1.4 kW power at LF
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6. CONCLUSIONS

A novel modulation for a single-stage three-phase QAB
AC/DC converter has been introduced. In the proposed
modulation, the command signals can be calculated with very
low computation cost, compared to existing modulations. With
the proposed modulation, the HF current presents a quasi-
constant amplitude throughout the grid period. A low THD
(2.8%) is obtained in the grid currents under open-loop
operation. However, at low power, the THD is increased
considerably. Hence, future work will focus on integrating a grid
current control scheme into the proposed modulation strategy to
address this limitation.
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