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Abstract

A novel isolated and bidirectional single-stage
three-phase AC-DC converter called Quad-
Active-Bridge Series-Resonant (QABSR) AC-
DC converter is proposed. Unipolar voltages
switches are used to modulate the grid voltages.
The proposed modulation allows to obtain
minimum HF current and a decoupled grid
current control. Converter design, simulation and
experimental results are presented.

Introduction

Single-stage (SS) three-phase (3P) AC-DC
converters allow bidirectional power flow and
galvanic isolation but also have better
performances compared to typical two-stage AC-
DC converters such as smaller volume, easier
control, higher efficiency and longer lifetime [1].
The most popular SS 3P AC-DC converters are
based on the Dual Active Bridge (DAB) converter
[2] — [4] of which, two of the most representative
are shown in Fig. 1

The converter shown in Fig. la is composed of
three independent single-phase (1P) SS AC-DC
converters. Each 1P SS AC-DC converter has a
low frequency (LF) synchronous rectifier (SR)
cascaded with a DAB DC-DC converter [2].

Therefore, a high number of switches are required
which have a high impact in converter efficiency
and price. Besides, a time-variant switching
frequency and phase-shift (PS) modulation are
used to control the grid current. Hence, the
modulation and control strategy are very difficult
to implement.

The 3P DAB AC-DC converter is shown in Fig.
1b [3]. This converter has fewer switches and uses
only one high frequency (HF) transformer,
increasing the converter efficiency. However due
to usage of bipolar voltage switches (in the matrix
converter) to grid modulation, a complex
modulation and switches protection have to be
considered, which has limited its applicability.
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Fig. 1. SS 3P AC-DC converters based on the
DAB converter a) Three independent 1P DAB
AC-DC converters b) 3P AC-DC DAB converter

To avoid the usage of bipolar voltage switches,
the Quad-Active-Bridge (QAB) 3P AC-DC



converter shown in Fig. 2 was introduced in [4],
which uses unipolar voltage switches to grid
modulation because an offset is added to grid
voltages by means of controlling the DC voltage
Vorr In a series-connected capacitor to the grid
neutral point (see Fig. 2). Moreover, four PS
angles are used to control the power flow
(91, 92,93 and ¢@,). However, the PS angles
calculation and control strategy are very difficult
to implement, limiting its applicability.
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Fig. 2. The QAB 3P AC-DC converter

To overcome the drawbacks above mentioned, a
novel SS QAB series-resonant (QABSR) 3P AC-
DC converter is introduced in this article. Two
main changes in the QAB are proposed. First, a
series-resonant circuit is used as a temporary
storage element. Hence, a lower HF current is
obtained compared to DAB or QAB 3P AC-DC
converters where a HF inductor is used [1], [5].
Second, the proposed converter implements duty
ratio (DR) and PS modulations with an easier
calculation allowing to obtain a HF current with a
constant amplitude throughout the grid period.
The proposed converter is explained below.

The proposed QABSR 3P AC-DC
converter

The proposed converter is shown in Fig. 3. Three
low-pass LC filters with a damping resistor r; are
used on the AC side. As in the QAB converter, an
OFFSET is added in grid voltages by means of
controlling the DC voltage V,pp in capacitor Cr.
Hence, all QAB inputs are DC voltages allowing
the usage of unipolar voltage switches to grid
voltages modulation. Moreover, three HF
transformers are used which are series-connected

on secondary side where a series-resonant circuit
(SRC) is placed.
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Fig. 3. Proposed QABSR 3P AC-DC converter.

Then, considering a balanced 3P system, the QAB
inputs on AC side are given by:

v = fori=a,b,c
Where:

ofF T Vin ;

(van =Vn sin(wgt)
Vpn = Vi Sin (wgt—%ﬂ) (1)

kvcn = Vpsin(wgt + 2?”)

Being 1, and wy, the grid voltage amplitude and

frequency respectively whereas Vg is the DC
voltage controlled in the capacitor C; such that

Vorr > Vi (see Fig. 3).

In proposed modulation three DR angles a,, a;
and a. and only one phase-shift (PS) angle ¢ are
used as command signals. The modulated

3 ——
voltages at wgt = 1—7; are shown in Fig. 4 where
the modulation functions are given by:

AC side:
Sij1 = sgn (cos (wst — %))
i fori=a,b,c
Si; = sgn (cos (a)st + ?L
(2)
DC side:
S, = sgn(sin(wst - (p)) 3
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Fig. 4: Proposed modulation

Where wgis the switching frequency and the
function sgn(x) is defined as [6]:

(1, whenx=0
sgn(x) = {O, when x < O’ )

Note that, the DR angles a,, a); and «, are used
to modulate the input voltages v, v, and v,
respectively, generating the HF voltages
Vanfr Vpns and vepr. Whereas, the DC source 1,
is modulated by a 50% symmetrical function
generating the HF voltage v,y which is phase-
shifted ¢ with respect to vgp s, Vpny and vy, as
shown in Fig. 4 and Fig. 3.

On the other hand, the SRC is designed as a band-
pass filter at switching frequency wg [5]. Hence,
only the components at wg are considered for
power transfer, it means:

For the DC Source:

4 .
Vonf1 = ;VOSIH(wst —@); ®)

For the grid voltages with OFFSET:

4 .
Vinf1 = — Vinp1Sin(wst);
Where:

Ving1 = v X sin (%), For i =a,b,c (6)

Being v; = Vg + vy, defined in (1) whereas %

is the correspondent DR angle %, % and %

respectively. In proposed modulation % changes
linearly with the grid frequency wy as proposed in
[7] it means:

[42°1

= w,t;
> g
% = wyt —2?”; Where wyt € [0; 2] (7)

ac 2,
k;—(l)gt‘l‘ 3

Hence, Vippq given by (6) can be considered
constant during one switching period
because wg »> 2w,. The series-connection of the
HF transformers on the secondary side allows to
add the modulated voltages vypf, Vpny and vepgs
given by (6), resulting:

4 . a . a
Mg =N [va sin (7‘1) + vy, sin (?b) +

v, sin (%)] sin(wst) ®)
Hence, replacing (1) and (7) in (8):
NMVeqq = %n E Vm] sin(wgt) 9)

Where 1, is the grid voltages amplitude whereas
n is the turns-ratio relationship of HF
transformers. Note in (9) that, the voltage nv,q,
on the secondary side (see Fig.3), has a constant
amplitude %n E Vm]. Therefore, the SRC along

with n, can be sized as an equivalent DABSR DC-
DC converter to control the power flow between

two DC sources: %Vm and V, [7]. Hence, n and the
SRC can be sized as follows:

Vo o2 1
n = = —_— w, =
3 )] 8 )] T )]
ZVm 2o b
Ly _ Ws _ Vo2
Z=|Z; F=2; Ry=1  (10)

Being L, and C, the inductance and capacitance
of the SRC, Q and w, the quality factor and
resonance frequency of the SRC, P, the nominal
power and R, the nominal output load.

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

((ia) = [K sin(p)] sin (52);
J (ip) = [Ksin(@)]sin () (D)
l(z;) = [K sin(g)] sin (%)

__ 8ny,
- ma(r)

Where:
(12)



Being the DR angles %, % , % given by (7). Note
in (11) that, the factor K sin(¢) is repeated in the
three average currents whereas, each average
current depends on its respectively DR angle
given by (7) which controls the angle of the grid
current. Hence, ¢ can be used to control the grid
current amplitude. Then, considering a balanced
3P currents given by:

(ibn = msin(wgt);

. ; 2
{ ipn = Iy sin (wgt —?n); (13)

) . 2
k icn = Ipsin(wgt + ?”);
The PS angle ¢ can be calculated as:

@ = asin (%) (14)

Where I,,, is the grid current amplitude and K is
defined in (12). Note that, with the proposed
modulation, a decoupled grid current control can
be implemented for each grid current, using the

qg Ap Cc
DR angles PUEEEY and ¢.

Simulation results

The proposed converter was validated by
simulation using the parameters of Table I.

Table I: Converter parameters

Item Value Item Value
Output
Power 2 kW (L. C,) 5.5nF
Vo, F)
. 220V | Turns-ratio
Grid . . )
Voltage RMS, | relationship | 1:0.86
60Hz | (1:n)
o Tank
?rve“tfehfc‘g 120 | circuit F=11,
d Y| kHz parameters Q=4
0o (F.Q)
OFFSET LC Input 200uH,
350V, .
V,rr and A TuF Filter 1uF,
Cr JEE (L, o) 1.1Q

20 THD; = 3.1%

Note in table I that the series-connected capacitor
Cr in grid neutral point takes a small capacitance
value (Cr = 4.7uF) unlike a DC-link capacitor
used in two-stage AC-DC converters. Moreover,
Vorr (350V) >V, (220V2).

In Fig. 5 are shown the 3P grid currents, the DC
output current i,, the scaled grid voltage 17‘1"/ 20

and the grid voltage with OFFSET Va / 20 (where

Vg = Vgn + Vypr) considering the nominal power
and bidirectional power flow: grid-to-battery
(G2B) and battery-to-grid (B2G). Very low THD
is obtained in the grid currents which are
controlled by PI controllers as well as the DC
voltage V,pp in capacitor Cy .
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Fig. 5: Grid currents and DC output current for
bidirectional power flow. a) G2B. b) B2G.

On the other hand, note in Fig. 6(a) that even if
the QABSR inputs on the AC side have high
ripple (almost 100%), the HF current i; has a
constant amplitude throughout the grid period,
obtaining a 3P HF power decoupling in the SRC
[7].

Finally, in Fig. 6(b) all active bridges in the
QABSR converter can achieve ZVS mode.
Therefore, high efficiency is obtained. However,
for G2B power flow, the ZVS mode is lost on AC-
side when a,, @), and a, take small angle values.
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Fig. 6: Modulated grid voltages and HF current a)
For five grid periods. b) For three switching

periods and evaluated at wyt = z
3

Experimental results

The proposed converter was validated using the
components of Table I.

The experimental setup is shown in Fig. 7. To
validate the bidirectional power flow in the grid,
a 30 AC source and a 30 resistive load in parallel
were used. Similarly, a bidirectional source was
used on the DC side.

| Three HF transformers
AC side

DC side /io&;

OFFSET cap

Fig. 7: The experimental setup for 2kW.

In Fig. 8 and 9 are shown the 3P grid currents, the
DC output currenti,, for G2B and B2G
respectively. A very low THD was obtained along
with high efficiency. Note that, for B2G the THD
is lower than G2B mode. Moreover, the
efficiency in G2B is lower than B2G mode
(95.4% vs 96.2%). This decrease in the efficiency
is because ZVS mode is lost in one leg of the ABs
on the AC side for G2B when the DR angles
ag, ap, @ take small angle values.

The resulting HF current along with the
modulated voltages for the grid voltage v, are
shown in Fig. 10 and Fig. 11 for G2B and B2G.

Fig. 8: Grid currents for G2B.
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Fig. 10: Modulated grid voltages and HF current
for G2B: a) wyt = %b) wgt = g
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Fig. 11: Modulated grid voltages and HF current
for B2G: a) wyt = % b) wyt = g

Note in Fig. 10 and Fig. 11 that ZVS mode is
obtained for G2B and B2G when the DR % is

close to % Nevertheless, as shown in Fig.10a,
ZVS mode will be lost in one leg of the Active
bridge when % takes small angles values.

Finally, the HF 3P power decoupling is validated
in Fig. 12 where the modulated voltages
Vanfr Vbhfs Vens and the HF current i) are shown
for three grid periods. Note in Fig. 12 that, the
HF current has a constant amplitude throughout
the grid period.
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Fig. 12: Modulated grid voltages and HF current
in the tank circuit for three grid periods.

Comparison with QAB structure

A brief comparison with a similar single-stage
AC-DC structure [4] is shown in Table 2.

Table II: Comparison with QAB converter

Proposed QAB
Parameters | ) \BoR | structure [4]
Storage 1 HF
Element I'SRC inductor
3 DR angles
Modulation with 1 PS 4 PS angles
angle
Switching High Medium
Frequency
LC AC filter Smaller Medium
COIltI'O.l Low High
complexity
Power . .
Density High High
THD; 2.66% 6%
Efficiency 96% Not reported

The proposed converter has smaller THD; and AC
filters compared with QAB converter. Smaller
AC filters can be used because a higher switching
frequency can be used. Moreover, the control
strategy and modulation are easier to implement.
However, the drawback of the proposed converter
is the usage of resonant capacitors (in the tank



circuit) which increase the converter volume
compared to a DAB structure [1].

Conclusion and Future works

A novel single-stage 3P AC-DC converter is
proposed in this article called QABSR 3P AC-DC
converter. A novel QAB AC-DC modulation is
introduced where the grid voltages with the DC
offset are modulated by duty ratio modulation.
Whereas, the DC source is modulated by a 50%
symmetrical function, which is phase-shifted with
respect to modulated grid voltages with OFFSET.
Bidirectional power flow, a decoupled grid
currents control and a three-phase power
decoupling in the HF current have been validated.
The proposed modulation allows to obtain a HF
current with a constant amplitude and smaller
value throughout the grid period compared with
other single-stage AC-DC structures. Besides,
ZVS mode is achieved in all active bridges
achieving high efficiency. Hence, the proposed
converter is a good candidate for single-stage AC-
DC converter particularly when bipolar voltage
switches have to be avoided.
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