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Abstract: AC-DC conversion is required in many applications, and in some of them isolation is
strictly required, certainly while maintaining characteristics such as a high power factor and low
input current THD. In this paper, an AC-DC converter, comprising a full-bridge diode rectifier and a
dual-active-bridge (DAB) converter, is utilized to fulfill these characteristics. The used modulation
makes the converter behave as a resistive load, maintaining the output voltage constant while
achieving a high power factor and low input current THD. The operation of the converter is simple,
as only two voltage sensors are required, and no inner current loop is utilized. A low-power prototype
was experimentally tested to corroborate the proposal.
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1. Introduction

Power quality has been the main topic for many years, and for AC-AC conversion, the
power factor and total harmonic distortion (THD) are two parameters that define it. AC-DC
converters are employed in many applications, and in some of them isolation is strictly
required in addition to a high-power factor and input current with low total harmonic
distortion—an example of this is cathodic protection [1,2].

The double active bridge (DAB) converter was proposed in 1988 [3], and comprises
two full-bridge inverters and a transformer, as Figure 1 illustrates; nowadays, this is one
of the most commonly used converters due to features such as flexibility for input and
output voltages and power, soft-switching and inherent isolation [4]. These characteristics
have led the converter to be used in several applications which include solid-state trans-
formers (SSTs) [5-8], transportation [9], renewable energies [10,11], batteries and capacitor
chargers [12,13], and several others.
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Figure 1. DAB schematic.
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The DAB’s versatility comes from its modulations. The series inductance current is
dependent on the voltage states of the full-bridge inverters and their voltages. Modulations,
generally, use displacement angles to generate the voltage stages. Depending on the
number of angles and the relation between them, modulations are named triple-phase-shift
(TPS) [14], dual-phase-shift or extended-phase-shift, and single-phase-shift [15], which are
the most common modulations [16].

A variation of the DAB, named an AC-DC DAB converter, was used in [17-21]. This
converter uses a rectifier stage in which the unfiltered rectified AC voltage is directly fed
into the DAB converter that must shape the input current.

In [17,18], the authors proposed the use of a flyback-like modulation, for a DAB and
a semi-DAB converter. Two displacement angles and a triangular waveform are utilized
to complete the task. Efficiency is very low due to its mode of operation; the energy is
transferred in a very short time, increasing the current stress of the converter.

In [19,20], the authors proposed the use of a trapezoidal waveform with the help
of three displacement angles. However, the method becomes harder to implement due
to the utilization of several modes depending on the conditions of the voltage grid. A
complex method was depicted in [21] which has good efficiency and THD results; however,
implementation becomes difficult and additionally, four-quadrant switches are employed
that require a special commutation sequence.

In this paper, a simple modulation to obtain resistive-load behavior of the AC-DC
DAB converter is proposed. The system offers isolation while achieving a high power
factor and low input current THD. The operation of the converter is simple, as only two
voltage sensors are required, and no inner current loop is utilized. The analysis, design,
and implementation are presented to validate the proposal.

This paper is organized as follows. In Section 2, the DAB modulation is analyzed,
considering the converter, obtaining the key equations in the modulation operation. In
Section 3, the AC-DC conversion is addressed, as well as how the resistive behavior is
obtained. The passive elements design equations are obtained, as well as the dynamical
equations of the system. In Section 4, the experimental setup is depicted, and the tests are
illustrated. Finally, conclusions are given.

2. DAB Converter

The DAB converter is very versatile. Several modulations might be used. Depending
on the number of displacement angles and which inverters are applied, triple-phase-shift,
the dual-phase-shift, or the single-phase shift may be generated.

The way the DAB is analyzed is through the use of a simpler circuit, shown in Figure 2.
The circuit comprises two square or semi-square voltage sources, Vr; and Vtp, and an
inductive element between them, L, named series inductance. This element is the trans-
former leakage inductance plus an added inductor in case of necessity. It is important to
remark that the voltage V1 is dependent on the input voltage vi, and the voltage Vr, will
correspond to the output voltage Vot multiplied by the transformer winding ratio, n.
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Figure 2. Converter simplified circuit intended for analysis.

In this case, the converter will be operated through a two-displacement angle modula-
tion, and the operation is similar to DC-DC converters driven in discontinuous conduction
mode (DCM).

The DAB is operated in three stages per semi-cycle, as Figure 3 illustrates. This
operation we called quasi-discontinuous conduction mode (QDCM), since it is similar
to DC-DC conversion but is extrapolated for AC waveforms. This type of modulation
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has been used in [22] to improve performance, especially under light loads. Only one
semi-cycle will be described, due to symmetry, which allows for determining the rectified
series inductance average current.
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Figure 3. Boost QDCM waveforms. From top to bottom, series inductance current, primary-side
inverter output voltage, reflected secondary-side inverter output voltage, and switch activation
signals with their respective negated complementary pulses.

The behavior is described as follows.

e From 0 < 0 < 81: The voltage on the inductor is defined only by the input voltage,
| vin |. The current will increase from zero to the peak current, Ip.

e  From 67 < 0 < 8,: The series inductance current decreases from Ip to zero due to the
difference between the input voltage, | vi, |, and the reflected output voltage, nVoyt.

e  From &; < 0 <7 The current will remain in the zero state. The output voltages of the
primary side and secondary side inverters are zero.

The previous behavior is determined by:

gﬁe 0<0<d
ZLk(e) = %9 + LLL"IJCSl 0<0< 6y 1)
0 0<0<m—08 —6

where: |vj, | is the rectified input voltage

nVoy is the output voltage multiplied by the transformer winding ratio,
Ly is the series inductance,

w is the angular switching frequency,

b1 is the charge displacement angle, and

b, is the discharge displacement angle.

As can be seen, in order to achieve the desired behavior, the reflected voltage, nVoyt,
must be greater than the rectified input voltage, | vi, |, restricting the converter to operate in
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boosting mode. If this condition is not met, the current during the 8, period will continue to
increase. It is important to remark that, even though the converter is operating in boosting
mode, is possible for the output voltage to be less than the input voltage, with the help of
the transformer winding ratio.

In order to calculate the series inductance average current, first, the second displace-
ment angle is referred to the first one by applying the volt-second technique to the inductor
as follows:

|Uin| —nVout |Uz‘n|
1) 01 =0 2
ol 2+ oL ! 2)

Rearranging the terms, the second displacement angle is:

|Uin|

G =
nVOut - |vin‘

1 3)

The rectified series inductance average current at high frequency might be found
by using;:
— 1 /7.
ip1(0) = E/o k6 4)

Substituting (3) and solving (4) will result in the rectified series inductance average current.

— o) —
i51(0) 2ntwLy [ nVour — |Vin]

Considering (5), the instantaneous power will be defined by the product of the average
current at high frequency and the input voltage |vj, |, resulting in:

P

- 2nwLy [nVour — |vin|

By careful observation, it is noted in Figure 3 that the maximum value of the sum of
the charge and discharge displacement angles is 7, as illustrated by:

N+ < (7)
Substituting (3) into (7), and reordering the next equation, it is obtained that:

nVour — |Uin |

<7
nVOut

51max > (8)
where 81m,x is the maximum value that 6; might have to maintain the QDCM operation.
Finally, by using (1) when 6 = 81, the peak current is calculated as:

_ ‘Uin|
Ip = WLy ] )

3. AC-DC DAB Behavior
3.1. Resistive Behavior

The AC-DC DAB converter, shown in Figure 4, comprises a rectifier stage and a DC-
DC converter. The rectifier stage output is unfiltered; this means that the resultant voltage
is the absolute value of the input AC voltage.

This configuration has been used in a full-bridge diode version [20], or for a syn-
chronous operation [19]. The advantage of this converter is that there is only one controlled
stage, making the converter more reliable and easier to implement. The idea behind the
system is that the DAB will draw and shape the input current through the average value of
the series inductance current.
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In Figure 5, the current ig; is the current being drawn by the DAB converter and the
current ip; is the DAB output current. To obtain the desired evolution, the DAB converter
should operate as a resistive load—that is, ig; should be proportional to the rectified

AC mains.
Input voltage Rectifier I DC Load
and filter
—
l,’c iLad
D
Lr
—
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§
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Ds Dl ks St —fds: g

Figure 4. Proposed AC-DC DAB system.

| vin |
iB1

iB2/n

. »0
Figure 5. DAB input and output currents evolution with the rectified input voltage. In black rectified

ac mains, in blue is the current of rectified ac mains, and in orange is the rectified secondary current
of the DAB.

The resistive load behavior is achieved through the correct variation of 4; and 6. This
is achieved by utilizing (5). If (5) is carefully observed, it will be noted that there are several
constant values, such as nVoyt, w, and L. If the average current iy is desired to have the
same waveform as the input voltage, §; must vary depending on the non-constant values
of the equation.

Therefore, the input current for a resistive behavior is defined by:

— |vin|
T — 10
"= R (10)

_ 2wl (nVou—|vin)

As is seen from the resistance equivalency, the charge displacement angle §; must
compensate for the difference between nVp, and vi, to maintain the input current and
voltage with a matching waveform. Therefore, the variation of 6; is selected as:

6% = k(nVour — |vin|) (11)
Solving 81 from (11), it is obtained that:
61 = \/k(nVout — |vin]) (12)

If (12) is substituted into (10), it can be noted that the input current will follow the
input voltage, making the converter behave as a resistive load, achieving low input current
THD and high-power factor.
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3.2. Passive Element Design

To ensure that the converter operates properly, the series inductance and the output
capacitor are essential. The worst-case scenario is used to design the elements and assure
the desired signal behaviors.

In the case of the series inductance, (6) will be used. Considering the maximum value
of |vin | = Vp, where Vp is the peak value of the input voltage, the maximum transferred
power will be Prax = 2P, which is the instantaneous power being transferred at the peak
voltage and current. Substituting said parameters into (6), and rearranging terms, results in:

5% Vlg nVOut

Ly = 13
k™ 47wp [nVom — Vp:| (13)

Considering the maximum displacement angle shown in (8), and substituting it into
(13), results in the critical mode value for the series inductance current.
7(nVour — Vp)Vp
4wnPVpy;

Ly = (14)

This operation is not recommended, due to possible uncertainties caused by parasitic
components when prototyping. Therefore, a security factor, 0.9 < k¢ < 0.95, is suggested to
maintain the QDCM operation.

. kfﬂ(nVOut — Vp)VI%

1
k 4wnPVoy, (15)

In the case of the output capacitor, C, the high-frequency component coming from the
DAB switching must be filtered; however, it features a low-frequency component, resulting
in the rectified input. Considering the current ig, from the DAB as:

0 0<0<é
ie(0) = { Lulpoug luls 0 <p<s, (16)
0 0<0<mTt—6—6

Averaging (16), and substituting (3), results in:

) 7’15%|0in|2
{(|Uz’n| — nVout)%; +2|vi"|5152} 27w (nVour — [Vin) o
u m

— n
1 =
B2 2twLy

Considering the value of the DAB equivalent resistance shown in (10), the DAB output
current is obtained.

—  ow
ipp =5 — (18)
RquOut
Substituting vi, by Vpsin(wgt), the DAB output current results in:

_ VZsin®(wqgt) V2

: r 8 r

igp = = 1 — cos(2w,t (19)

VOutReq VOutReq [ ( § >]

In (18) there is a DC component, represented by the unity, and an AC component,
represented by the cosine. Considering that the capacitor will absorb the AC component
when the DC component is at the load, the capacitor current is defined as:

. . AVour 1%
g == C —_—
1B2ac Ic dt VOutReq

cos(2wqt) (20)
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Finally, a volts per second analysis is performed, where the time differential equals
the delta time and corresponds to the grid frequency multiplied by two, and the voltage
differential is equal to the delta of the output voltage, which corresponds to the desired
output voltage ripple. Considering that the minimum value of cos(2wgt) = —1, the capacitor
value depending on the desired ripple is obtained as.

2
C= Vb
zngeq VoutAVout

(21)

As is seen in (21), there exists a low-frequency component, represented by the wg term.
It is also noted that, due to the full-bridge diode rectifier operation, the frequency is double
the AC mains frequency and, therefore, the capacitor value is reduced to half.

The input filter calculations were performed based on the Texas Instruments applica-
tion note in [23].

3.3. Dynamical Modeling and Controller

In order to regulate the output voltage, a controller is required, and then a model.
Considering the power equivalency in (22), the model is obtained:

Pc = Py — Po (22)
Substituting the voltage and resistance equivalencies, it is obtained that:

dUOut _ Vlg _U%)ut
dt 2R, R

vOutC (23)

where: Pc is the capacitor power.
Pin is the input power,

P is the output power, and

R is the load.

It is noted that the DAB equivalent resistive behavior is used for the input power calculation.

Linearizing (23) around the operating point, solving for the derivative expression,
using the Req value equivalency, and applying the partial derivative with respect 6; and
VOut, it is obtained that:

2127172
deut _ n DlVP

dt | 4mwLiC(nVou — Vp)

- nD1V3
Out T WL C(nVour — Vp)

1
5 + RiC 1 (24)

where D; is the charge displacement angle at the operating point.
Rearranging the terms in (23), the output voltage transfer function is obtained as:

VOut A
= (25)
) AnD 1
! [s + (”VOut*lVP) T RrC

nDy V3
2nwLyC(nVo,;—Vp)*

As is seen from (25), the system features a first-order behavior; therefore, a simple
controller might be used for regulating the output voltage.

In Figure 6, the control scheme is proposed. From the figure, it is observed that the
use of an integrator delivers the variable k, to regulate the value of 8, by using (12), and
(3), to calculate 6,.

Using the parameters shown in Table 1, a frequency response behavior might be
established. In Figure 7, for the system open loop and the closed loop, considering an
integrator, frequency responses are illustrated. The open loop shows a low-pass filter

where: A =
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behavior, while the closed loop depicts high DC gain, reducing the steady-state error, and a
small bandwidth, keeping the value k as constant as possible during a grid semi-cycle.

Vin %

Filter |—| Rectifier

LY s

DAB

3 i #p

Vpc
1
T

Vi ;
in | Zero-crossing | ZC

A A A A A A/

A A

SII SIZ SI] SM SZI SZZ

S | S

detector

Y

Phase-shift

L A
0. Vou
2 3) Out

Ix| [Vial T T oy 12 k <_|

VOu t ref

A 4

Figure 6. Proposed controller.

Table 1. AC-DC DAB test parameters.

Parameter Value
Output power (P) 175 W
Input voltage (vin) 90 VRMS, 60 Hz
Output voltage (Vout) 200V
Switching frequency (w) 30 kHz
Series inductance (L) 83 uH
Transformer winding ratio (n) 1
Output capacitor (C) 1000 pF
Filter inductor (L) 500 uH
Filter capacitor (Cp) 2 uF

Voltage frequency response. Boost QDCM
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Figure 7. System frequency response in open loop and closed loop.

4. Experimental Results

Considering the parameters shown in Table 1, an experimental setup with C3M0065090D
MOSFETs and MUR1560 diodes, shown in Figure 8, was tested. A GPIC 9683 was used to
generate the activation signals required for the prototype.

In Figure 9, the input voltage, the input current, and the series inductance current
of the DAB converter are shown, when operating at nominal voltage and observing the
low-frequency behavior. It is noted that the power factor is high, because the input current,
as well as the input voltage, are in phase.

In Figure 10, high-frequency signals are observed. The voltage V1, the voltage V12 /n,
and the series inductance current are displayed in the oscillogram. The expected behavior
of charge and discharge is generated.

From Figure 9, it is seen that the input current features low THD. Considering the
IEEE 519-2014 standard [24], a grid-connected device to an AC mains with an amplitude
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of less than 1 kV must have a THD current below 8%, as is illustrated in Figure 11, which
presents the THD evolution in comparison with a power sweep.

S

High-Frequency
Transformer K

Figure 8. Prototype photograph.

Tek Run__ ————— — —_— —rgd

Figure 9. Low-frequency signals of the AC-DC DAB converter. From top to bottom, input voltage
(250 V/div), input current (5 A/div), and DAB series inductance current (25 A/div).

Tek stop

Figure 10. High-frequency signals. From top to bottom, voltage V11 (250 V/div), voltage V1,/n
(250 V/div), and series inductance current (10 A/div).

The efficiency, in comparison with the power, is observed in Figure 12. A peak effi-
ciency of 92.5% is achieved; however, at light load, efficiency still surpasses 90% efficiency.
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Figure 11. THD evolution through a power sweep.
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Figure 12. AC-DC DAB efficiency versus output power.

Finally, the power factor through a power sweep is depicted in Figure 13. As is
observed, the power factor is almost at unity during the whole operation.

1.00

0.98

0.96 4

PF

0.94

0.92 4

0.90

T T T 1
75 100 125 150 175
Power (W)

Figure 13. System power factor vs. output power.

It is important to remark that measurements were perfomed using the Chroma
66,204 power meter.

5. Conclusions

In this paper, an AC-DC DAB converter is used. The system, comprised of two
stages, uses a full-bridge diode rectifier and a DC-DC DAB converter. The use of only one
controlled stage makes the system easier to implement and more reliable.
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The modulation makes the DC-DC converter behave as a resistor, as shown in Section 3,
achieving a low input current THD and a high power factor in an easy manner. The DAB
converter draws and shapes the input current through the average value of the series
inductance current. The output capacitor filters the high-frequency component coming
from the DAB switching, and the low-frequency component which originates from the
rectified AC voltage.

The system might be seen as a capacitor being fed with the current coming from the
DAB. This is reflected directly in the dynamical equations. A first-order system depicts the
behavior of the converter.

A low-power prototype was tested to corroborate that the proposal is working. The
input current THD is within the IEEE 519-2014 standard, while the power factor is almost
at unity through a power sweep. The efficiency is better than some similar systems while
maintaining simplicity in the implementation.
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