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Abstract: Single-stage isolated and bidirectional (SSIB) AC-DC converters have a high potential for
future solid-state transformers and smart battery chargers due to their reduced volume and high
efficiency. However, there is a research gap for SSIB reactive power injection. This article introduces
an SSIB three-phase AC-DC converter composed of three low frequency rectifiers linked by tiny film
capacitors with a quad-active-bridge series-resonant (QABSR) DC-DC. A novel QAB modulation is
proposed to solve three issues: (1) Three DC inputs with high ripple compensation, (2) active-reactive
power injection, and (3) minimization of high-frequency (HF) transformers currents. The rectified
grid voltages were modulated by time-variant duty ratio (DR) angles. In contrast, the DC source was
modulated by a fixed DR (FDR) angle along with a phase-shift angle which changes according to the
grid current amplitude. A constant HF current amplitude with minimum value was obtained. It is
shown that the HF current amplitude is increased for reactive power injection. Hence, the FDR angle
was used to compensate for this increase. Active and reactive power control were validated in a 2 kW
prototype. Compared with other structures, tiny DC-link capacitors and smaller L filters were used.
Moreover, higher efficiency (96%) and smaller grid currents THDi (3%) were obtained.

Keywords: single-stage AC-DC converter; smart battery charges (SBC); reactive power; quad-active-
bridge series-resonant (QABSR); solid-state transformer (SST); vehicle-to-grid (V2G)

1. Introduction
1.1. Motivation

Bidirectional and isolated AC-DC converters with active and reactive power capability
play an essential role in electric vehicles” smart battery chargers (SBC) [1,2], and future
solid-state transformers (SST) [3-5] to improve grid reliability, particularly for grid voltage
regulation [1,2]. Galvanic isolation is required between the bidirectional DC source and the
grid to ensure safety and low leakage currents. For these applications, the typical structures
are two or three stage AC-DC converters [6,7]. In the typical two-stage converter, a voltage
source inverter (VSI) is DC-linked by electrolytic capacitors with a dual-active bridge (DAB)
DC-DC converter [6]. The DC-link voltage and capacitance are chosen in such a way that
the VSI controls the active and reactive power transfer with the grid, whereas the DAB
DC-DC allows galvanic isolation and only controls the active power transfer [8]. However,
a well-known drawback is that the multi-stage conversion decreases the converter efficiency.
Besides that, the DC-link capacitors along with the L filter (to grid interface) have a large
size and weight [9]. Therefore, the single-stage isolated and bidirectional (SSIB) three-phase
AC-DC converter is a good solution for these applications due to their reduced volume
and high efficiency [4,10]. Nonetheless, in these converters the active and reactive power
transfer must be directly handled by the high frequency (HF) transformer since DC-link
capacitors are not present [11-23]. Nevertheless, in the state-of-the-art review, it is observed
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that in most of them, only the active power transfer is considered to analyze the steady-state
response of the HF transformers current; whereas, the reactive power injection analysis was
not covered. In order to fill this research gap, this article introduces an SSIB three-phase
AC-DC, based on the quad-active-bridge series-resonant (QABSR) converter. It is shown
that the reactive power injection with a small power factor can considerably increase the HF
transformer current if the modulation is not adequate. Hence, special attention is provided
to the QABSR modulation for active and reactive power injection, minimizing the current
in the HF transformers.

1.2. Literature Review

This article classifies the SSIB three-phase AC-DC converters found in the litera-
ture, based on the DAB structure, in three different approaches according to the galvanic
isolation.

The first approach for SSIB three-phase AC-DC converters consist of using a single
HF transformer [11-23]. In these converters, the grid voltages are directly modulated using
bipolar voltage switches with a fixed switching frequency. Furthermore, only the converters
proposed in [21-23] analyze the reactive power injection. However, none have analyzed the
influence of reactive power injection in the HF current. Moreover, due to the use of bipolar
voltage switches, special care must be taken in the switching strategy and protection [24].

The second approach for SSIB three-phase AC-DC converters is two HF transformers
usage [25-27]. A three-phase unfolder bridge cascaded with two independent DABs [25],
two DAB series-resonant (DABSR) [26], or a triple-active-bridge series-resonant [27] DC—
DC converters are presented. However, none of these converters analyze the reactive power
injection capability.

The third approach for SSIB three-phase AC-DC is to use a three-phase Y — A HF
transformer [28] or three HF transformers [29-32]. Bipolar voltage switches are used
in [28-30]. In contrast, unipolar voltage switches are used in [31,32], as shown in Figure 1.
Note that three low frequency (LF) rectifiers cascaded with three independent DC-DC
DABs are presented in Figure 1a, and the power flow is controlled by time-variant phase
shifts and switching frequency, [31]. Nevertheless, a wide switching frequency variation
complicates the filter design and compliance with EMI regulations [33]. Conversely, in
Figure 1b, a quad-active-bridge (QAB) AC-DC converter with a fixed switching frequency
is presented [32]. In this converter a Cy capacitor is used to add a DC offset Vs in the
neutral reference (V,rg > grid voltage amplitude), where unipolar voltage switches with a
time-variant phase-shift modulation are used. However, the drawback is that the DC-offset
voltage control and the phase shift are challenging to implement. In fact, the authors do not
explain how the modulation was implemented. Moreover, similar to previous approaches,
none have analyzed the influence of reactive power injection in the HF current. Hence,
more studies are required for this issue related to the QAB converter.

With these considerations, a novel SSIB three-phase AC-DC converter is proposed in
this article, depicted in Figure 2. The proposed converter combines the structures shown
in Figure 1 where the HF inductor L; is replaced by a series-resonant circuit (SRC). The
converter is composed of three low frequency rectifiers linked, by tiny film capacitors, with
a QABSR DC-DC. Therefore, the benefits of galvanic isolation, reduced volume, and high
efficiency by Zero Voltage Switching (ZVS) turn-on and absence of turn-off voltage spikes
are obtained. An important advantage is the absence of the big DC-link capacitors and
reduced L filter to grid interface. However, because of the low frequency rectifiers and
the tiny film DC-link capacitors (which do not allow the power decoupling), the proposed
QABSR DC-DC modulation must offer the following functionalities: (1) compensation of
the three DC inputs with high ripples (the rectified grid voltages), (2) active and reactive
grid power injection, and (3) minimization of HF transformers current. With the aim
of compensating for these three DC ripples and to minimize the HF current amplitude
for active and reactive power injection, a novel QAB modulation is introduced. Due
to the proposed modulation, a decoupled grid currents control in the natural frame is
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implemented, obtaining good performance even for unbalanced grid conditions. The
proposed structure was introduced in [34] but with only simulation results and without
reactive power analysis. In this article, experimental validation is carried out and reactive
power compensation is introduced along with a more detailed analysis. It is shown that
reactive power injection with a small power factor, can cause a considerable increase in the
HF transformer current if the modulation is not adequate.
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Figure 1. (a) Three single-phase DAB AC-DC converter [31], (b) three-phase QAB AC-DC converter
with series-connected HF transformers [32].

1.3. Contributions
The contributions of this paper are the following:

1.  Anovel SSIB three-phase AC-DC converter is proposed, which avoids bipolar voltage
switches usage. The converter is composed of three LF rectifiers linked, by tiny film
capacitors, with a QABSR DC-DC converter. Compared with similar SSIB AC-DC
structures, a higher efficiency and smaller grid currents THD are obtained. Moreover,
compared with a two-stage AC-DC converter, higher efficiency and smaller volume
are obtained since tiny DC-link capacitances and smaller L filters to grid interface are
used;

2. Anovel duty ratio modulation is proposed to compensate for three DC inputs with
high ripple (the rectified grid voltages) in the QABSR DC-DC converter. For this
purpose, the rectified grid voltages are modulated by time-variant duty ratio modula-
tion whose angles change according to the grid current angles. In contrast, the DC
source is modulated by duty ratio and phase-shift modulation whose angles take a
constant value, throughout the grid period, according to the grid current amplitude.
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The proposed modulation allows to obtain a HF current with constant amplitude and
minimum value, throughout the grid period;

3. Itis shown that, because of the single-stage AC-DC conversion (absence of the DC-
link capacitors with high capacitance value), reactive power grid injection with a
small power factor can considerably increase the current in HF transformers. Hence,
a novel reactive power compensation using duty ratio modulation on the DC-side AB
is introduced to minimize this increase;

4. The proposed QAB modulation allows to implement a decoupled closed-loop grid cur-
rents control in the natural frame, obtaining good performances even for unbalanced
grid voltage conditions;

5. A practical methodology is introduced to easily size the proposed QABSR DC-DC as
an equivalent DABSR DC-DC converter.
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Figure 2. The proposed SSIB three-phase AC-DC: three low-frequency rectifiers cascaded with a
QABSR DC-DC converter.

1.4. Organizations

This article is divided into the following sections: Section 2 introduces the converter,
the modulation, the working principle of the HF three-phase power decoupling, the reactive
power compensation, and the ZVS analysis. The closed-loop controller is explained in
Section 3. The converter design is explained in Section 4. Experimental results are shown
in Section 5. Afterward, Section 6 discusses unbalanced grid voltages conditions and
compares the proposed converter with similar structures and with the typical two-stage
AC-DC converter. Finally, conclusions are drawn and presented in Section 7.

2. The Proposed Converter
2.1. Structure Description

The proposed converter is shown in Figure 2. The three LF rectifiers and the QABSR
DC-DC converter are linked by tiny capacitors C;. On the grid side, three L filters are
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used. The capacitor C; and the L filter are designed as a second-order low-pass filter with a
damping resistor 7. The rectified grid voltages and the DC source are modulated by four
active bridges (Abs). Three HF transformers with the same turns ratio # allow galvanic
isolation and are series-connected on the secondary side where the SRC is placed.

Three features make the proposed converter different from the two-stage three-phase
AC-DC converters where the QAB DC-DC converter is used [35-39]:

First, is the absence of the bulky DC-link capacitors for power decoupling. Indeed,
in the proposed converter, the DC-link capacitors C; (see Figure 2) are sized to filter the
HF current having a very small capacitance values, thus making it a single-stage AC-DC
converter [31]. Hence, the three rectified grid voltages (which are DC voltages with high
ripples) and the DC source are the QABSR DC inputs. In contrast, in the two-stage three-
phase AC-DC converter, the DC-link capacitors have a larger capacitance value and the
QAB has four DC inputs with a very small ripple [35-47].

Second, is the use of the three LF rectifiers (see Figure 2), which switch at zero crossing
of each grid voltage. In this stage only conduction losses are considered, making the
converter highly efficient. In contrast, in the two-stage three-phase AC-DC, the VSI stage,
which can be two level [8] or multilevel [35-39], switches at HF. Hence, switching and
conduction losses are considered in this stage. Then, in the proposed converter, the losses
are decreased compared with a two-stage isolated AC-DC converter.

Third, is smaller L filter to grid interface. In the two-stage AC-DC converter, the L
filter depends on the DC-link voltage value. The higher the DC-link voltage, the larger the
L filter [48]. Hence, multilevel AC-DC converters were proposed to decrease the L filter
volume for SST [34-38]. However, this solution requires to increase the H-bridge modules
and the price can be considerably increased [49]. In contrast, in the proposed converter,
the L filter is considerably smaller than a two-level VSI because of the absence of DC-link
capacitors with high capacitance value.

However, due to the tiny capacitance C;, three functionalities must be offered for the
proposed QABSR DC-DC converter: first, compensation of the three DC inputs with high
ripple (the rectified grid voltages), second, to directly handle the active-reactive power
transfer and third, to minimize the HF current. With the aim of solving these problems, a
novel QAB modulation is introduced as is shown in the following section.

2.2. The Modulation

For this analysis, the grid voltages are defined as:

Van = Vi sin(wygt)
Opy = Vi sin(wgt — 2F) 1)

Ven = Vi sin(wgt + 2F)

where Vj, is the voltage amplitude and wy is the grid frequency. Then, for active and
reactive grid power injection, the balanced three-phase grid currents are provided by:

io = Ly sin(wgt — 6)
iy = Ly sin(wgt — % — 0) )
ic = Iy sin(wgt + 2 — 0)

where I, is the grid current amplitude and 6 is the displacement power factor angle (DPFA).
Hence, the modulation for the three LF rectifiers is provided by:

siy = sgn(vy,); Fori=a, b, c 3)
Being the function sgn(x) defined as:

1, whenx >0
0; whenx <0

sgn(x) = { (4)
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According to Figure 2, the rectified grid currents is, i, and i, are provided by:

. i;, when vy, >0 . iy, when vy, >0 . ic, when vey > 0
lgr = ; ; = 5)

. iy, = . iy = ;
—iy, when v, <0 U —ip, when vy, <0’ —ip, when vey < 0

where v,y v, and ve, are the grid voltages defined in (1).
On the other hand, the rectified grid voltages |vax|, |vp,| and |v¢y | are the QABSR DC
inputs (see Figure 2) which are modulated by the following function:

sa1 = sgn(cos(wst — %)) [sp = sgn(cos(wst — F))  [sa = sgn(cos(wst — %)) (6)
sa2 = sgn(cos(wst + %)) \se2 = sgn(cos(wst + F)) " | sc2 = sgn(cos(wst + %))

While the DC source V, (see Figure 2) is modulated by the following function:

So1 = sgn(cos(wst — % — ¢)) @)
So2 = sgn(cos(wst + %5 — ¢))

where w; is the switching frequency, a4, ap, &c, &, are the DR angles, and ¢ is the PS angle.
In the proposed modulation, a,, «;, and a. take the instantaneous values of the angle of
rectified grid currents i,y iy, and iy respectively, provided by (5), which means:

% = wet — 2L — 0 ; Where wyt € [0, 7] 8)
§ = wgt+ 5~

And the DR &, changes according to the DPFA 6, which means:

o T

0 _Z_9 9
) )
The modulated voltages, evaluated at wqt = %, and the rectified grid currents, consid-

ering 0 = 0 and 0 = 7, are represented in Figures 3 and 4, respectively.

aa
A 12 = Vany
T )
a, E a. bhf
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m 37 2n st o
O
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I
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! i wst
I ; g
I i T
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(a) (b) (c)

Figure 3. Proposed modulation without reactive power injection ( = 0). (a) Grid voltages and
currents, (b) rectified grid voltage and current, (c) HF modulated voltages at wgyt = 7.
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Figure 4. Proposed modulation with reactive power injection (§ = %). (a) Grid voltages and currents,
(b) rectified grid voltage and current, (c) HF modulated voltages at wet = 7.

In Figures 3 and 4 the rectified grid voltages |vau|, |vpy|, |vcn| are HF modulated by the
DR angles: ag, ap, and ac, resulting in voltages vy, ¢, Uy r, and vy s, respectively; whereas,
the DC source V, is modulated by the DR «, along with a PS angle ¢, resulting in voltage
o f- In the proposed modulation, only one phase shift is used: ¢, which allows to control
the grid current amplitude, and then, the bidirectional power flow between the grid and
the DC source V.

Moreover, in Figures 3 and 4 in grid period 27t/ wg, the vg;f, vy f, and ve,f amplitudes
and the DR angles a;, «;, and a. are time-variant according to (1) and (8), respectively.
Then, as shown in Figure 3¢, for § = 0 and wet = 7, the voltages vy, ¢ and v, take
the same instantaneous values (amplitude and DR), overlapping each other. Whereas in
Figure 4c, for = § and wgt = 7, the DR ac = 0, then v.,¢ = 0, unlike v ¢ and vy .
In change, the amplitude V,, the DR «,, and the PS angle ¢ of v, f take a constant value
throughout the grid period. Moreover, in Figure 4c a, is reduced when the DPFA 6 is
increased, which allows to decrease the HF current when reactive power is injected into
the grid. With the aim of clarifying the proposed modulation, the working principle of the
QABSR DC-DC converter is explained in the following section.

2.3. Working Principle: The HF Three-Phase Power Decoupling

The working principle of the proposed converter is graphically presented in Figure 5.
Note that two frequency modulations are employed: at LF by the three rectifiers and at HF
by the QABSR DC-DC converter.

The three LF rectifiers switch at grid frequency, according to (3), resulting in the
rectified voltages |Uan|, |Upy|, and |vcy|. The three LF rectifiers along with the three HF
transformers are used to modulate the grid voltages independently. Note that in the LF
rectifiers, MOSFETs are used to bidirectional power flow.
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Figure 5. Working principle of the proposed SSIB three-phase AC-DC.

In the QABSR DC-DC convertet, |v4,|, |vp,|, and |ve,| are HF modulated by their
correspondent DR angles «,, &y, and a,, resulting in the modulated voltages v, £7 Ubhfs and
Vcif- The DR angles «,, &y, and «. are LF time-variant according to (8). This means, in grid
period 271/ wg, the vy ¢, Uy s, and ve,r amplitudes and the DR angles a,4, aj, and a. are LF
time-variant, as shown in Figure 4 for the case of v, 'z whereas, in switching period 27t/ ws,
the vg,¢, vpns, and vy, r amplitudes and the DR angles a,, a3, and a. can be considered
constants because the switching frequency ws > w, (grid frequency), as shown in Figure 4
for the case of v, - In contrast, the DC source V, is modulated by the DR «, along with
a PS angle ¢, resulting in the modulated voltage v,,¢. In the proposed modulation «,
and ¢ take a constant value throughout the grid period unlike v, ¢, vpyr, and vgr. On the
other hand, the three HF transformers have the same turns-ratio relationship n and are
series-connected on the secondary side where the SRC is placed. Hence, the modulated
voltages vy, ¢, vppf, and vy, s are added on the HF transformer secondary side resulting in
the voltage nvg,s = n (Uahf + Vg + vchf> , which is LF time-variant as v,y s, vy, and v
Therefore, two different voltages are applied to the SRC: on the left side nv,;,f, which is LF
time-variant (in amplitude and DR); whereas, on the right side v, fr which takes a constant
value in amplitude, DR, and PS throughout the grid period. This means, the voltages
applied to the SRC have different electrical features which can generate an overcurrent if

the modulation is not adequate.
To overcome this issue, the proposed modulation takes advantage of the sum of

modulated voltages nvg,s = n (vah £+ Vb + Vcn f) on the HF transformer secondary side.

The main purpose is obtaining an equivalent voltage nv,, s which takes a constant value
in amplitude and DR throughout the grid period similarly as v,,s. Hence, the resulting
current in the HF transformer iy has a constant amplitude as shown in Figure 4.

With the previous considerations, in the proposed modulation, the voltages vg,r, vpyf,
and vy, are phase-shifted with respect to vy, with the same angle ¢ as represented in
Figure 4. In this way, the power flow can be controlled by the phase-shift angle ¢; whereas,
the DRs angles «a,, &y, and a. allow to compensate for the time voltage variations in nv,y, f-
These aspects are explained in the following.

Indeed, the modulated voltages v;,¢ (for i = a, b, ) and v,),s can be expressed using
Fourier series as:

o0 4 T . .
Vinf = |0in| X Zk:1,3... T €08 (k(f - E)) sin(k(wst)); Fori=a, b, c (10)
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X 4 T oo .
Vong = Vo X kf% o Cos<k<5 - é’)) sin(k(wst — ¢)) (11)

where |v;,| and %, fori =a, b, ¢, are the rectified voltages |v4u|, |vpy|, and |ven| and the
DR angles %, %, and %, respectively.

On the other hand, the SRC is designed to obtain a high selectivity at ws. Hence, the
equivalent SRC at steady state is shown in Figure 6. The voltages v p,r1, Upnf1, Venf1, and
o f1 are the harmonics at ws of the modulated voltages which, according to (10) and (11)

are provided by:

4 .
vins1 = — Vg1 sin(wst) (12)

Being : Vi1 = |vin|sin<%>; Fori=a, b, ¢ (13)

)
v,
nvbhfl Tlv(;hfl nveql ohf4

Figure 6. Steady-state analysis with the equivalent tank circuit.
And the voltage on the HF transformers secondary side is:
N0eq1 = 1(Vanf1 + Vpnp1 + Ocnf1) (14)

Hence, replacing (12) in (14):

4 .
NUeq1 = EnVeql sin(wst) (15)
Being:
& . Xg . Xp . (K¢
Veq1 = |Van| sm(f) + |V sm(7) + |ven| sm(?) (16)

Because the DR angles %, % and % take the instantaneous values of the rectified grid

current angles provided by (8), the amplitude V,;; provided in (16) can be calculated as:
Vet = Vang1 + Vensr + Vs 17)

where:
Vanft Y [cos(0) — cos(2wgt — )]

Venpr = Yol cos(8) — cos(2wgt — 4T — a8)
Venp1 = 3| cos(6) — cos (2wgt + 4 — 6

Vin is the grid voltage amplitude and 6 is the displacement power factor angle provided
in (1) and (2), respectively. Note in (18) that, Vyj,r1 + Vi1 + Venp1 contains a balanced three-
phase system which is provided by:

4 4
cos(2wqt — B) + cos (ngt — ?ﬂ - 9) + cos <2wgt + ?71 - 9) =0 (19)
Then, replacing (19) in (17), the amplitude V,; is provided by:

Veq1 = va] cos(0) (20)
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According to (20), the amplitude V,;; takes the constant value of %Vm cos(0) through-
out the grid period. This steady-state behavior is called in this article “HF three-phase
power decoupling”, because the similarity with the power of a balanced three-phase system.

On the other hand, according to (11), the modulated DC source v,y is:

4 .
Vonf1 = _Vor sin(wst — @) (21)

Being : Vy1 = V, sin(“zi) 22)

where the DR angle % and the PS angle ¢ take a constant value throughout the grid period.
Because V,;1 and V, have constant amplitude and DR, the HF current i, also has a constant
amplitude throughout the grid period. Hence, the QABSR steady-state response is similar
to that of a DABSR DC-DC converter [50,51] as shown in Figure 7, where HF current
amplitude is controlled using the PS angle ¢.

v, = ;Vmcos(e) Vvehf Vonr DC-side

¢ <» y
(]
44— _Ve a, [ I,
I

m

> .n Co L
rm L rin [ 1
TV = Y v pil DC-Source
-+ J$ 3 ks g J$ | T

Equivalent g Constant
DC voltage wWgt  Amplitude

Figure 7. Equivalent DABSR DC-DC converter of the proposed QABSR DC-DC converter.

The turns ratio 7 is sized considering the maximum values of V1 and V1. Then, for

only active power injection (6 = 0) and for the DR angle %5 = 7, the SRC current can be
minimized if the turns ratio # is designed to match the voltages in the equivalent SRC [51],

which means: v v
n= ol _ . 0 (23)

Moreover, the tank circuit is designed as a band-pass filter at the switching frequency
ws. For this purpose, the quality factor Q is chosen with a high value (Q =~ 4), while the
resonance frequency wy is selected closest to w;s (ws =~ 1.1 w;) [50,51]. These parameters are
defined as:

Z 1
—2Ro L:C;
Being;:
L ws Vo*
Z=\=,F=—;Ro=—- 25
c o, K= (25)

where R, is the equivalent output load, V, is the DC output voltage, P, is the nominal
power, F is the frequency ratio, and Z is the SRC impedance.
With these considerations, the resulting SRC current i;, can be calculated as:

nV, wst) =V, wst —
i = 4 nVep cos(wst) — V1 cos(wst — ) 26)

e

Being Z and F defined in (25). Thus, considering the SRC current provided by:

ip, = I sin(wst —0) (27)
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The amplitude I} can be calculated with (26) as:
4 2
I = — \/V012 + (1Veq1)” — 2Vi1 (1Vegq1) cos(g) (28)
nZ(F-1)

On the other hand, the average input current i, for the QABSR, in one switching
period, can be calculated as:

27
lior) = 5 [ e (501 = 522)) (wat) 9)

Being s,1, and s,y defined in (6), and 7 the turns ratio. A similar approach is applied
to calculate (iy,) and (i;;). Hence, solving (29), (iar), (ip,), and (i,;) are calculated as:

(iar) = [Ksin(g)]sin(%)
(i) = [Ksin(¢)] sin() (30)
(icr) = [Ksin(¢)]sin(%)

Being:
8n

w7 (F- 1)
where sin (%), provided by (22), takes a constant value throughout the grid period. Note

in (30) that the PS angle ¢ is repeated in the three grid currents, while the DR angles are

independents for each grid current. Thus, in the proposed control strategy, the PS angle ¢ is

used to control the grid current amplitude, whereas the DR angles %, % and % are used to

generate the rectified grid current angles provided by (8). Then, the angle ¢ is calculated as:

(p—asin<ll?> (32)

where K is defined in (31) and I, is defined in (2). The DR angles %, %, % canbe calculated
comparing (5) and (2) with (30), thus:

Ag <iur> & <ibr> Ke . <iC7>
> —asm( . ), > —asm( 1, and 5 = asin ™ (33)

2.4. Reactive Power Compensation by DR Modulation

K=K, sin(%); And K, = Ve (31)

According to (20), the voltage on the secondary side of the HF transformers nV,;; =
n [%Vm] cos(0), where 6 is the grid displacement power factor angle, takes its maximum
value when only active power P is injected (cos(6) = 7). However, Vg is decreased when
reactive power is injected which, according to (28), has a direct impact on the HF current
amplitude I;. The critical case is when only reactive power is injected, which means, P = 0,
cos(f) = 0.and V1 = 0. For this case, using (28), I, is provided by:

4 4
iz = nz(}f_ %) Vo = nZ(F— %)

Note in (34) that the amplitude I; can be minimized using the DR angle % . This
minimization must ensure a real solution in (32), which means K > I,,. Then, replacing (31)
and (22) in (32), the minimum value of sin (% ) is provided by:

sin(%)min B (Ko sllnri((p)) (35)

V, sin (%) (34)
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where K, is provided by (31). According to (35), sin("‘z—")min takes its minimum value
atsin(¢) =1, (i.e, ¢ = %), which allows to minimize the amplitude I L|9:% provided
by (34). Hence, two methods are proposed to compensate for the voltage drop on the

secondary side of the HF transformers nV,g:
First Method: for cos(#) > 0.5, the DR % is used to match the voltages applied to the

tank circuit, which means V, sin(%) = n [% Vin] cos(6), then:

&y, T . I
[ — . A f— e —
> =7 g; ndwasm( osin("g’)> (36)

Second Method: for cos(6) < 0.5

Xo . 17m . _E
2-asm<K0),And(p— 2 (37)

where K, is provided by (31). Note that for the first method, with the aim of obtaining a
real solution, sin(%) > I%; Hence, for 6 ~ 7, the DR % is limited to %5 = asin(%) and
= 7. This means, for these cases, both methods are equal. Both methods are analyzed in

Section 5.

2.5. ZV'S Analysis for the QABSR Converter

The modulated voltages and the SRC current are shown in Figure 8 for one switching
period, considering DR % = 7 (maximum value). Therefore, for grid-to-vehicle (G2V)
power flow, the ZVS conditions for the QABSR DC-DC converter are:

i <0, inwst =% —%; AC side AB (38)
ir >0, inwst = ¢; DC side AB
“ A ﬂ ﬂ - vihf
S « 2 el [Vin(0)] — Vony
< A —
§ v, L
e
%)
5 Vi
E > \ n
s / v \ 12 2w @t
S —p T 3 i v
£ 0 o 2 " \
: / \ /
N < >
g - Ny 4
Vo

~[vin (0]

Figure 8. Modulated voltages and the SRC current for G2V power flow.

Replacing (38) in (26), the ZVS conditions are provided by:

sin(%) > sin(% + ¢) ; ACside AB (39)
1> cos(¢) ; DC side AB

where % (Fori =a, b, c) are the DR angles %, %b or %. Evaluating (39), the AB on the DC

side is always in ZVS mode. However, the ABs on the AC side lose the ZVS mode when

the DR 3 takes small angle values. In fact, according to Figure 8, the ZVS is lost when

(3-%) >0
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van

A similar analysis can be performed for vehicle-to-grid (V2G) power flow. For this
case, the four ABs are in ZVS mode even when the DR "‘7“, %, or ”‘Z—C take small-angle values.
Hence, this converter has lower switching losses in V2G mode than in G2V mode. However,
for reactive power compensation % can take a small-angle value and the ZVS is affected
on the DC-side AB. Hence, a compromise between obtaining a small HF current amplitude
value and losing the ZVS mode must be taken.

3. Control Strategy

The average model for the controlled grid current i, considering the LF rectifier is
shown in Figure 9a. An identical model can be used for the grid currents i, and i.. Note
that the QABSR DC-DC converter is replaced by the average current source (i) provided
by (30). This approximation is possible because the HF current dynamics of the QABSR
DC-DC converter is faster than the grid current dynamics [51,52].

LF rectifier

T
J $ T4 GD(iar)

(a) (b)

Figure 9. Average model for the grid current. (a) With LF rectifier, (b) without LF rectifier.

The average model for each rectified grid current is shown in Figure 9b where the LF
rectifier and the grid voltage are replaced by the current source |i;|. Hence, the average
model transfer function is provided by:

i i i we? (1+sryG;
Gi(S) — <|la|> — <|ll7|> _ <|1C|> _ c r(+R d l) (40)
ar br cr s2 (dTL)S"'wg
where w, is the cutoff frequency of the L;C; filter provided by:
1

where r; and R} are the damping and the filter inductor resistances, respectively (see
Figure 2), and (iar), (ipy), and (icr) are provided by (30). The closed-loop control strategy
is shown in Figure 10 for the grid current i, provided by (5). A similar control strategy
is applied to i; and i.. Note that the rectified grid current i,, is controlled by the QABSR
DC-DC converter whereas the LF rectifier unfolds the grid current i, (see Figure 2).

* i;r ib ic
licl LPF
lq li| ipr) Similar control strategy
—> i .
%l ¢ (tar) for i, and i,

aD
+7 Xab,c
2 Igm
Modulation | ag apa. calculated with (42) [€—
Signal P } lgm
B @ calculated with (43) <«
Generator ¢

Figure 10. Closed-loop control strategy for the proposed converter.
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A PI controller cascaded with a first-order low-pass filter (LPF) with a cutoff frequency
fLpF is used to obtain zero error at steady-state for |i;|. The frequency f1pr is chosen to
attenuate 60 dB the harmonics at resonance frequency f. provided by (41), which means

frpr < 16%. Whereas the Pl is designed to compensate for the first harmonic of the rectified
grid current at 2wg, where wy is the grid frequency. Hence, the PI gains are chosen to have

a closed-loop first-order system response with a bandwidth less than 21%.

The reference current generator block produces the time-variant reference currents
|iz], iz, using (2) and (5) and computes the DPFA 6. For these tasks, the voltage angle w,t
provided by the PLL, the active power Py, and reactive power Q; are required as inputs.
Furthermore, using 6, the DR % is computed according to (36) or (37).

The rectified grid current i, is controlled by the average current (is;) provided by
(30) where two command signals are used: the DR angle %' and the PS angle ¢. In ideal
conditions (without losses in the converter and without the L;C; grid filter influence), %
and ¢ are provided by (32) and (33), respectively. However, considering real conditions
(losses and filter influence), a gain K, is added in the current control (i) amplitude as
shown in (43). A similar control approach is applied to calculate 3 and % . Then, the DR

angles %, “2—1’, and %, and the PSA ¢ are calculated with:
Xq - ( (iar) Xp - ( iy Xc - ( der)
>a _ R A . 42
> asin (KcIm ) 5 asin <Kc1m i asin K, ) (42)
¢ = asin (K%Im ) ; Where K, = 1.2 (43)

where I, and K are defined in (2) and (31), and the gain K. is chosen to have a real solution
in (42), it means:
Ke > @; and K, > @; and K, > @; (44)
Iy I Iy
Note that for light loads, the converter efficiency is decreased and the L;C; filter
influence in the grid current is higher. Hence, K. can be increased by light loads. However,
according to (43), high values of K. increases the angle ¢, and by consequence, according
to (28), increases the amplitude I;. Then, the gain K. must be chosen carefully with the aim
of having minimum impact in the converter efficiency.

4. Converter Design

The proposed SSIB three-phase AC-DC converter was designed using the parameters
in Table 1. First, the theoretical resonant inductance L,* and resonant capacitance C,*
are calculated using (24) and (25), resulting L,* = 378.42 uH and C,* = 5.62 nF, respec-
tively. Because the resonant capacitance is chosen for a commercial capacitance value, the
capacitors 942C20522K-F (22 nF) were selected whose series connection allows to obtain
a capacitance value of C, = 5.5 nF Therefore, the resonant inductor was recalculated to
L, = 390 uH , which increases the quality factor to Q ~ 4.1.

Table 1. DC/AC converter design parameters.

Parameter Value
Converter Power P, 2 kW
Grid amplitude (phase — neutral) : Vj, 220+/2V, 60 Hz, 30
Output voltage V, 400V
Switching frequency f; 120 kHz
Quality Factor Q 4

ws _ 27tfs 1.1

Frequency Ratio F = 3 = 5~ 7.
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Secondly, the turns ratio 7 is calculated using (23), which means n = V”ll = 3‘(;
eq 2 Vm

%(#00@ ~ 0.86. Thirdly, for P, = 2 kW, the grid current amplitude is I,, ~ 4.29 A. The
parameter K ~ 5.27 is calculated with (31), and the phase-shift angle ¢ ~ 54.4° using (32).
The maximum HF current amplitude is calculated using (28) as I}, ~ 8.82 A.

The L; filter is designed to attenuate the switching frequency harmonics in the grid
current. Note in Figure 9b that, L; and the DC-link capacitor C; behave as a second order
LPF. Moreover, according to (40), the grid current dynamics depend on this filter. Since
active bridge behaves as a rectifier for the HF current, the HF harmonics to be filtered in the
grid current are provided by even harmonics 2f;, 4f;, etc. Hence, the cutoff frequency f, of

the LPF shown in Figure 9b and provided by (41) is chosen to be f, < %. Then C; =1 pF
and L; ~ 200 pH are selected, with a cutoff frequency f, ~ 11.25 kHz. Note that the DC
link has a small capacitance value with the aim of having minimum impact on the reactive
power injected into grid. Additionally, a damping resistor r; = 1.1 () is used to decrease
the L;C; resonance effect on the grid current [52,53]. The r; value was limited to generate
losses of less than 1% of the nominal power.

Finally, the grid current controller is designed. The proposed control strategy is shown
in Figure 10. The LPF cutoff frequency f; pr is chosen to attenuate 60 dB the harmonics at res-

onance frequency f. of the LPF provided by (41). Then frpr < 1{;60 = 11'12056‘5{Z ~ 11.25 Hz.
Hence, the L;C; LPF was designed with a cutoff frequency f;pr = 10 Hz; whereas, the PI
gains are chosen k;, = 1 and k; ~ 27tf] prk, with the aim of having a closed-loop first-order
steady-state response at 10 Hz, to compensate for the first harmonic of the rectified grid
current (2wy). The bode plot for the average model transfer function G;(s) of the L;C; LPF
provided by (40), the open-loop response PI(s)LPF(s)G;(s), and the closed-loop response
are shown in Figure 11a—c, respectively. Note in Figure 11b that the L;C; LPF resonance
frequency peak is attenuated 60 dB, the phase margin (P.M.) is 90° and a bandwidth of
10 Hz is obtained according to the design. Finally, the closed-loop first-order response with
a bandwidth of 10 Hz is depicted in Figure 11c.
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Figure 11. Bode plot analysis. (a) Average model transfer function G;(s). (b) Open-loop response for
the proposed controller: PI(s)LPF(s)G;(s). (c) Closed-loop response of the system.

5. Experimental Results

With the previous considerations, a three-phase AC-DC 2 kW prototype was built
using the parameters in Table 2. Three HF transformers were built using ETD49 3C94
ferrite cores. The HF transformers series connection provides an equivalent total leakage
inductance value of La; ~ 6 pH (each HF transformer has an equivalent leakage inductance
of L1y =~ 2 uH). The leakage inductance Ly = 2 uH generates a small distortion in the HF
current on the HF transformer primary side which does not affect the ZVS mode on the
active bridge. The resonant inductor was implemented with an EE55 3C94 ferrite core for
a Lf ~ 384 uH. Note that Lz is much smaller than L;. Hence, the leakage inductances
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of HF transformers have a minimal effect on the converter functionality [51]. Moreover,
LY + Lz = Ly = 390 uH which is indicated in Table 2.

Table 2. DC/AC converter parameters.

Parameter Value
Converter Power S,, P, 2 kVA, 2 kW
Grid amplitude (phase-neutral), frequency: 22072V, 60 Hz, 30
Vi, fg
Output voltage V, 400V
Switching frequency 120 kHz
Quality Factor Q 41
Frequency Ratio F = ]% 11
Resonant Inductor L, 390 uH
Resonant Capacitor C, 5.5nF
Turns ratio n 0.86
AC filter Inductor L; 200 uH
AC filter capacitor C; 1 uF
Damping resistor 110
QAB SiC MOSFET C3M0065090

The experimental setup is shown in Figure 12. To validate the bidirectional power
flow in the grid, a 3 AC source and a 30 resistive load in parallel were used. Similarly,
a bidirectional source was used on the DC side. Each grid voltage is connected to the
converter at the zero-voltage crossing using bidirectional switches (see Figure 2) unlike
typical VSI where a DC-link pre-charge is required [54].

2kW prototype

Bidirectional

DC Source Three HF transformers

with the SRC

FPGA

DC side
AB

= AC side
: ABs  Bidirectional
DC Source
O Load
W s

Figure 12. The experimental setup for the 2 kW prototype.

The results for the bidirectional power flow are shown in Figures 13 and 14, respec-
tively. The grid current parameters were measured using the single-phase power analyzer
PA1000. In these two first analyzed cases, only bidirectional active power was tested.
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Figure 14. V2G power flow test for —1500 W.

Note that three-phase balanced currents were obtained with the proposed modulation
with a real power factor (PF) close to unity (PF = 0.98). Moreover, a very small total
harmonic distortion in the grid current (THDi) was obtained for bidirectional power flow.
Nonetheless, the THDi was slightly increased in V2G power flow, as shown in Figure 14.
The DC source power was measured using a digital multimeter. The maximum measured
efficiencies were 94.5% and 96%, respectively. The highest efficiency was obtained in V2G
power flow because the four ABs were in ZVS mode. In contrast, in G2V power flow, ZVS
mode is lost on the AC-side ABs when the DR %, % and % take small angle values.
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The HF three-phase power decoupling is validated in Figure 15. Note that the HF
current has a constant amplitude for two grid periods. The calculated amplitude using (28)
was I} ~ 8.82 A whereas the oscilloscope measurement was 8.65 A approximately. This
difference is due to the converter losses and the current probe accuracy.

Figure 15. Modulated grid voltages and HF current for 2 kW G2V test.

On the other hand, the modulated voltages v, and v, ¢ are shown for five switching
periods considering (% = 7). Note in Figure 16 that, for the G2V power flow case, both
ABs switch in ZVS mode when the DR % takes angle values close to 5. However, ZVS is
lost in one leg of the AC-side AB when the DR % takes small angle values, as shown in
Figure 17.

Figure 17. ZVS analysis at 2 kW for G2V at wet = % = Z and 3 = 7.

Unlike G2V, for the V2G power flow case, ZVS mode is obtained for all angles of DR
% as shown in Figure 18.
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Figure 18. ZVS analysis for —1500 W V2G at wet = % = Z and % =

[SE|

For reactive power injection capability analysis, the HF current I; was evaluated using
(28), with and without reactive power compensation (WRPC and WoRPC, respectively).
The results are shown in Figure 19 considering the apparent power S constant but shifting
the displacement grid power factor angle (DPFA) 6 from 0° to 90°. Two different cases
were evaluated: S = 1.8 kVA and S = 1.5 kVA. Note that, for only active power injection,
considering the nominal power P = 2 kW, the theoretically calculated HF current amplitude
is Iyp = 8.82 A.

T T T 12 T T T T
- - - WoRPC ] — — - WoRPC

z -—+-- WRPC: First Method g 11t -—+-- WRPC: First Method
: --*-- WRPC: Second Method T ~ --*-- WRPC: Second Method
2 g Iimo = 9.62A
2 = | X e~ TTTTTTTT77
= Q
a9
£ Iimq = 9.62A * g Imp = 8.82A
5 5 7 . AU Y SE s S
g , Lmp = 8.82A J £ AL = 3.38A
= VTV . NP AUl I E 3
o

6 ~ 35° ==
E 7 ( ) T (8 = 80°, 6.2A)

. 5, Al = 1.72A
r ~ Lkpc min = 6.2A
oL (Omin = 245 7.9A) T . A
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Power factor angle 6 (°) Power factor angle 6 (°)

(a)

Figure 19. Reactive power compensation. Analysis for two different S: (a) HF current amplitude
I, analysis considering a constant S = 1.8 kVA; (b) HF current amplitude I} analysis considering a
constant S = 1.5 kVA.

It can be noticed in Figure 19 that WoRPC (% = 7), the reactive power injection,
can considerably increase the HF current amplitude I;. In fact, for both cases, if § > 35°
then, I} > I;,p = 8.82 A. Moreover, if 8 > 50° then I; reaches its maximum value of
Irmg = 9.62 A. This means that, WoRPC, the HF transformers, must be oversized.

In change, I} decreases WRPC applying a DR % on the DC-side AB, according to
(35). Indeed, in Figure 19a, if 6 > 24° then I} wrpc < I worpc While in Figure 19b, if
6 > 18° then Iy, wrpc < I1_worpc. Hence, a lookup table with the minimum values 6,,;,
can be used to implement the proposed RPC compensation. In a general case, the proposed
reactive power compensation must be implemented if # > 30°, which means the reactive
power Qg is higher than the injected active power P. It should be noted that with the
proposed reactive power compensation, for 6 > 50°, the HF current I; can be decreased in
approximately 18% for 1.8 kVA and 36% for 1.5 kVA, respectively. In none of these cases,
the HF transformers need to be oversized because the reactive power injection impact is
compensated. However, the efficiency is reduced due to the small DR applied which affects
the ZVS mode.
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With the previous considerations, the grid reactive power compensation (RPC) results
are shown in Figures 20 and 21 for S = 1.8kVA (# = 30°) and S = 1.5 kVA (6 = 80°), in two
grid periods, respectively.

DC Current

DC Current
I, =0.24

If /’ ‘L"H.,ﬁ \
Grid Curl;gf{f =~

L. =324

Figure 21. Capacitive RPC for S = 1.5 kVA, PFA § = 80° and % = 42°.

Note in both cases that at each grid voltage zero-crossing, a slight distortion is gener-
ated in the grid current due to the current rectification by the LF rectifiers.

The modulated voltages and the HF current WRPC are shown in Figures 22 and 23,
applying a DR % = 60° and % = 42°, respectively. Note that the ZVS mode is obtained in
both ABs and the HF current amplitude I} < I;,,p = 8.82 A (current for the nominal active
power P = 2 kW). The experimental results agree with analytical results shown in Figure 19.

Figure 22. HF current for S = 1.8 kVA, at wgt = "‘7” ~ 60° and % ~ 60°.
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— Vanf VYonf

Figure 23. HF current for S = 1.5 kVA at wgt = % ~ 30° and % = 42°.

On the other hand, the THDi values of grid currents were analyzed for different G2V
power flow values, as shown in Figure 24.

7%

o0
6% ]
5% ‘..
S 4% ®e
B~ ..
3% ....
2%
1%
0%
200 600 1000 1400 1800 2200

Power (W)

Figure 24. THDi analysis for different power in G2B power flow.

In the case of light load, the THD:1 is increased. This drawback can be decreased if the
gain of K, is increased (e.g., K. = 1.5) according to (43). However, this increase generates
additional losses. Moreover, the THDi depends on the damping resistor r; value (see
Figure 2). In the performed tests, the r; value was limited to generate losses of less than 1%
of the nominal power. An alternative solution is to use an active damping current control
to avoid the damping resistor [52,53]. Nonetheless, the current sensor connection for active
damping is challenging in this structure.

The efficiency analysis for V2G and G2V is shown in Figure 25.

98%

o0 96%
-~ ® o V2
0,
S ® p 94%
2 ® 92%
§ ®
3 90%
S~
= e 88%
86%
°

84%
-2200-1760 -1320 -880 -440 O 440 880 1320 1760 2200
Power (W)

Figure 25. Efficiency analysis for the QABSR converter.

The converter achieves a high efficiency for the nominal power. However, the efficiency
is lower for lighter loads. Furthermore, the highest efficiency is obtained in V2G power
flow because ZVS mode is obtained in all ABs, unlike G2V power flow, where ZVS mode is
lost in the three ABs on the AC side when the DRs take small angle values.
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The losses distribution for the prototype at 2000 W is presented in Figure 26. The con-
verter losses were not optimized because the aim was to validate the converter functionality.
The highest losses obtained are conduction losses because of the MOSFETs quantity. These
losses can be reduced using switches with the lowest resistance. However, this implies
increasing the converter price. The switching losses can also be reduced by decreasing the
switching frequency. Nevertheless, the volume of the resonant inductor and HF transform-
ers increase as the switching frequency decreases. The optimization techniques to minimize
converter losses were not covered in this article. Future studies will be focused on this
subject.

Filter inductor

losses
HF
transformers
losses
(15.42%)
Resonant (9.63%)

inductor losses

Figure 26. Losses distribution at 2000 W B2G power flow.

6. Discussion

With the aim of highlighting the advantages of the proposed converter and modulation,
unbalanced grid voltage conditions, and comparison with other structures are discussed in
this section.

6.1. Unbalanced Voltages Conditions

The proposed converter was analyzed following the standard EN50160 which states
that the unbalanced voltage degree should be below 2% over 95% of the time [55-58]. The
steady-state response for the unbalanced grid voltage conditions indicated in (45) was
analyzed. Note that the amplitude of the voltage v, is decreased using the parameter
a € [0 — 1], being the parameters V;, and wg = 277 f, indicated in Table 2.

Van = Vi sin(wygt)
Opy = Vi sin(wgt — 21) (45)

Ven = (1 — a) Vi sin(wqt + &)

Three balanced grid currents are controlled considering an amplitude I, ~ 4.3 A and
a voltage drop of a = 0.7 in (45). Unbalanced grid currents are not covered in this article.
Simulation results are shown in Figure 27. Note in Figure 27a that, a LF ripple is present on
the DC output current because of the unbalanced conditions. However, the grid currents
are not affected, as shown in Figure 27b, because it depends on SCR parameters, the DC
output voltage, (which are constants in a grid period), and the closed-loop control in the
natural frame [59] implemented using the DR %, 2 and % as command signals.
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Figure 27. Steady-state response for unbalanced grid conditions at 2 kW G2B: (a) DC output current
for unbalanced grid voltages (2 = 0.7); (b) grid currents for unbalanced grid voltages (a = 0.7 ).

To analyze the impact of the unbalanced grid voltages, provided in (45), on the HF
current amplitude 1, the V,; amplitude on the HF secondary side is recalculated using
(16), then:

@Vm + %Vm cos (2wqt)

According to (46), a LF ripple variant at 2wy is present in V1. With this consideration,
I1 is calculated using (28). The results for three different voltage drops: a = 0,4 = 0.1 and
a = 1 are shown in Figures 28 and 29, respectively, considering the grid period scale and
two different powers.

Vet = (46)

—_ =0 q=0.1

meg=1

8.8

8.69
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Figure 28. HF current amplitude I} for different voltage drops: a = 0,4 = 0.1 and a = 1, considering
active power injection P, = 2 kW.
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Figure 29. HF current amplitude I;, for different voltage drops: a = 0,4 = 0.1 and a = 1, considering
active power injection P, = 500 W.
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For a = 0, HF three-phase power decoupling is obtained, which means the HF current
has a constant amplitude. For a = 0.1, a small LF ripple is obtained in the HF current
amplitude. Hence, small unbalances according to the standard EN50160 have almost no
effect on I} . In contrast, high unbalances (2 = 1) have a high impact on I, particularly for
small active power injection, as shown in Figure 29, where the HF amplitude is increased
by 3.2 times compared with balanced voltages. However, in any case of grid voltages
unbalance the HF current is lower than the nominal current I} (max) = 8.86 A. Thus, it
the robustness of the proposed converter was proven since it can support voltage drops
without overcurrent that can damage the converter.

6.2. Comparison with Single-Stage DC-AC Conuverters

A brief comparison with similar single-stage AC-DC structures [29,30] is shown in
Table 3. In [29], three independent DABs were used (see Figure 1a). A similar approach can
be implemented using three SSIB single-phase DABSR AC-DC converters [60]. However
more SRC are required. Moreover, for that case, each SRC must be designed considering
the single-phase time-variant power (whose maximum value is the double of the nominal
power), and the converter size must be increased [50]. Hence, the use of three-series-
connected HF transformers on the secondary side, one SRC, and the proposed modulation,
allowing three-phase power decoupling and compensating for the high DC ripple, is a
better option. In contrast, the three rectifiers were avoided in [30] because a DC offset was
added in the neutral reference of the grid (see Figure 1b). However, HF transformers and
the MOSFETs on the AC side must be sized for double the voltage compared with the
proposed converter. Although the QAB structures are quite similar, according to (12) and
(14), the HF three-phase power decoupling was not obtained using only time-variant PS
modulation as proposed in [30]. Besides that, the proposed modulation and the control
strategy have less complexity. Similarly, in the proposed converter, a smaller grid current
THDi is obtained (2.9%) and, the modulation and control are easier to implement.

Table 3. Comparison with similar single-stage DC-AC converters.

Parameters Proposed Converter SSIB [29] SSIB [30]
3 LF rectifiers 3 LF rectifiers QAB AC-DC
cascaded
Structure with a QABSR cascaded converter
DC_DC with 3 DABs DC-DC (with DC OFFSET)
Storage Element 1 SRC 3 HF inductors 1 HF inductor

3 Time-variant DR
Modulation angles with one fixed
phase-shift angle

3 Time-variant
phase-shift angles

3 Time-variant
phase-shift angles

Switching frequency Fixed Time-variant Fixed
Control complexity Low High High
Power density Medium High Medium
(Cr cap) (Cofs cap)
THD 2.9% 6% 4.5%
Active-teactive Only active power Only active power
Capability for V2G power y P y P
reported reported
reported

On the other hand, regarding the power density of the proposed structure, this is
limited because the resonant capacitor volume increases with the power, unlike [29], where
only one HF inductor was used. Hence, future works will focus on replacing the SCR with
one HF inductor to increase the power density. Finally, the proposed converter analyzes
the reactive power injection and unbalanced grid conditions, unlike [29,30].
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6.3. Comparison with Two-Stage AC-DC Converters

A brief comparison with the two-stage AC-DC converters proposed for SST [39]
and for SBC [8] is shown in Table 4. In [39] a QAB DC-DC converter DC-linked to three
Multilevel DC-AC converters was analyzed. This structure is similar to the converter
proposed in this work. To make a direct comparison, only a two-level (2L) DC-AC converter
was used. In contrast, in [8] a DAB DC-linked to 2L DC-AC was proposed. For comparison,
a grid voltage of 220 V rms and 60 Hz was considered. The advantages of the proposed
converter are detailed below.

Table 4. Comparison with two-stage AC-DC converters.

Two-Stage 2L DC-AC  Two-Stage 2L DC-AC

Parameters Proposed Converter Converter for SST [39]  Converter for SBC [8]
Film Cap. Electrolytic Cap. Electrolytic Cap.
DC link (v4e) =198V (400 V) (800 V)
Capacitor Tiny Bulky Bulky
Durability High Low Low
L Filter Small Bulky Bulky
MOSFET
Quantity 28 2 14
3 — 1¢ Rectifiers 3—1¢ VSI 1—3¢ VSI
Switching (LF and ZVS) (HF and HS) (HF and HS)
Mode QABSR QAB DAB
(HF and ZVS) (HF and ZVS) (HF and ZVS)

First, the DC-link capacitors were compared. In the proposed converter three tiny film
capacitors were used whose voltages are the rectified grid voltages (the average voltage
is (v4.) ~ 198 V). In contrast, in a two-stage DC-AC converter as [8,39], bulky electrolytic
capacitors in the DC link were used, handled 400 V and 800 V DC (with very small ripple),
respectively. This means, the average DC voltage was half compared with [39] and a
quarter compared with [8]. Moreover, in the proposed converter, the capacitance value is
considerably smaller (only 1 pF) compared with two-stage DC-AC converter. Additionally,
it is well-known that film capacitors present high durability and smaller volume and weight,
unlike DC-link electrolytic capacitors [61,62]. Hence, the proposed converter presents better
durability performances and smallest DC-link capacitors with reduced volume and weight.

Second, the required L filter to grid interface is smaller. In the proposed converter,
because the HF switching and small DC-link voltage, the L filter is smaller (200 puH)
compared with [8,39]. The L filter in [8,39] can be reduced using an LCL filter, but the
volume and the inductance value is even bigger compared with the L filter in the proposed
converter. Hence, the proposed converter has the smallest L Filter, reducing the volume
and weight of the converter.

Finally, the MOSFET quantity and the switching mode were compared. In the pro-
posed converter each grid voltage is independently modulated. For this purpose, three LF
single-phase (3-1¢) rectifiers linked with a QABSR DC-DC converter was used. Hence 28
MOSFETs were used. A similar structure was used in [39]. However, the functionality of
the proposed converter is quite different because the rectifiers switch at LF and ZVS mode
unlike [39] where the 3-1¢ VSIs switch at HF and hard-switching (HS) mode. Hence, the
proposed converter presents higher efficiency. Instead, only 14 MOSFET were used in [8].
However, the VSI switches at HF and HS mode which affects the converter efficiency. This
problem is increased by the bulky L filter, unlike the proposed converter where all the ABs
switch at ZVS mode and uses smaller L filters. Hence, even if in the proposed converter
the MOSFET quantity is greater, higher efficiency is obtained because the LF switching in
rectifiers and the smaller L filters.



Energies 2022, 15, 8070

26 of 29

References

With all the comparisons and results, the proposed converter is a good candidate
for SST and SBC applications because the high efficiency and durability, and the reduced
volumes of DC-link capacitors and L filters. However, the proposed QAB power density
can be improved even more using only inductive elements. Hence, future works will be
focused on implementing the proposed modulation in a QAB DC-DC converter with only
inductive elements.

7. Conclusions

A novel SSIB three-phase AC-DC converter composed of three LF rectifiers linked
by tiny film capacitors with a QABSR DC-DC converter was presented. Because the LF
rectifiers and the linking capacitances, the QABSR must manage: three DC inputs with high
ripple (the rectified grid voltages), the active and reactive grid power injection, and assure
minimum HF current. Because of that, a novel QABSR modulation, using fixed switching
frequency, was introduced. The rectified grid voltages are modulated by time-variant
duty ratio modulation whose angles change according to the grid current angles; whereas,
the DC source is modulated by phase shift whose angle is calculated according to the
grid current amplitude. The modulation and the HF transformers series-connected on the
secondary side allow to compensate for the three DC inputs with high ripple. Thus, for a
balanced three-phase system, the proposed modulation allows to obtain a HF current with
a constant amplitude and minimum value, called in this article “HF three-phase power
decoupling”. Therefore, the QABSR has a steady-state response as an equivalent DABSR
DC-DC converter. Moreover, it is shown that high reactive power injection can considerably
increase the HF current. Hence, a duty ratio angle on DC-side active bridge modulation
is introduced to compensate for this increase. The results show that the HF current can
be decreased by up to 35%. The proposed modulation allows to implement a decoupled
grid current controller in the natural frame. Measurements demonstrate the converter
functionality. Very low THD is obtained in the grid current, unlike similar structures. High
efficiency is obtained due to the ZVS mode. The reactive power compensation performances
were validated and the steady-state response for unbalanced grid conditions is discussed. A
brief comparison with two-stage AC-DC converters shows that the proposed converter has
smaller volume and greater durability as it uses tiny DC-link film capacitors and smaller L
filters. Besides that, the proposed modulation can be implemented in similar QAB AC-DC
structures with only inductive elements which will be validated in future projects. Hence,
the proposed converter and modulation are a good alternative for solid-state transformers
and EV Smart Battery Charger applications.
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