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Abstract: In single phase DC-AC systems, double-line-frequency power ripple appears at the DC side
inherently. Normally a large electrolytic capacitor can be used to reduce the power ripple at the DC
side. But there are several problems with this method as it decreases the power density and reliability
of the converter. In addition, a double-line-frequency current ripple appears in case a voltage source
serves at the DC side, which is undesired in specific applications. This paper proposes a single
phase DC-AC DAB (dual active bridge) converter with an integrated buck/boost stage for power
decoupling purpose under low power condition. The proposed active power decoupling method
is able to completely eliminate the double-line-frequency power ripple at the DC side. Therefore,
a constant DC current can be obtained for requirements in specific DC-AC applications.

Keywords: DC-AC; dual active bridge; integrated buck/boost stage; power decoupling; series
resonant converter

1. Introduction

Proposed in the 1990s, the DAB (dual active bridge) converter attracts much research interests
for its high-power-density, isolated and bidirectional power transfer characteristics [1]. It is widely
used in various industrial applications such as battery chargers for plug-in hybrid electric vehicles
(PHEVs) [2,3], interfaces for renewable energy sources like photovoltaic power systems [4-7],
uninterruptible power supplies (UPS) [8,9] and vehicle-to-grid (V2G) [10,11].

In single phase DC-AC systems, high power ripple appears at the DC side due to the
double-line-frequency characteristics of the transmission power at the AC side. In some situations such
as photovoltaic applications, more stable transmission power is required to achieve high accuracy of
maximum power point tracking (MPPT). If a large electrolytic capacitor is simply used at the DC side,
the power density and the reliability of the converter can be decreased significantly and it is not able
to completely eliminate the ripple power. If a battery serves at the DC side, the double-line-frequency
charging or discharging current would decrease the lifetime of the battery [12,13]. To eliminate
the double-line-frequency ripple power at the DC side in single phase power converters, different
power decoupling techniques are introduced [14,15]. However, most of the proposed active power
decoupling topologies require additional power switches which not only decrease the power density
and reliability of the converter, but also bring more cost. The concept of the “parasitic” boost-integrated
phase-shift full-bridge converter is proposed in [16]. Two boost-integrated and unidirectional DC-DC
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topologies, i.e., the symmetric and asymmetric full-bridge converters are presented for specific
multi-port applications with one or two integrated boost stages respectively. Compared with the
symmetric topology [17], a DC block capacitor in the HF (high frequency) link is indispensable for
the asymmetric topology as the average voltage difference between the phase-nodes appears in this
case. By adjusting the duty cycles of the legs, bidirectional power flow is realized for the two ports
at the primary side of the HF transformer. Similar with the asymmetric topology presented in [16],
an active power decoupling method is introduced for CLLC-type resonant DC-AC DAB converter
operating in open loop, which is able to effectively realize power decoupling and reduce the capacitance
requirement of the converter [18]. In this case, the double-line-frequency ripple power is effectively
steered into the passive power decoupling capacitor by adjusting the duty cycle of the modulated
leg. Based on this, if the duty cycle of the modulated leg can be appropriately controlled, then the
double-line-frequency ripple power can be eliminated due to the mentioned bidirectional power
transfer characteristic between the passive energy storage capacitor and the DC source. Therefore,
a constant charging or discharging current of the battery can be achieved.

This paper presents the power decoupling of a single phase DC-AC dual active bridge converter
based on the integrated bidirectional uni-phase buck/boost stage. The double-line-frequency ripple
power is effectively eliminated by the proposed control method on the duty cycle of the bridge leg.
The mathematical model of the proposed converter is analyzed in Section 2. The analysis of the control
strategy for the proposed converter is presented in Section 3. Simulation and experimental results are
illustrated in Section 4. Conclusions are given in Section 5.

2. Mathematical Model of the Converter

The proposed converter is shown in Figure 1. This is a single-stage DC-AC DAB converter with

a pseudo intermediate DC link between the synchronous rectifier and the dual active bridges, which

is free of the large electrolytic capacitor at the DC link required for the dual-stage DC-AC converter.

The AC voltage v is folded into the voltage vpcy with a frequency twice that of the AC voltage, which
is given by

vpc1 = |vg| = |Vgsin(wgt)| @

where Vg is the magnitude of vz and wyg is the angular frequency of vg.
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Figure 1. The proposed DC-AC DAB converter.
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The DAB converters are normally controlled by a triple phase shift (TPS) modulation scheme
which is shown in Figure 2 [19].

Two legs in the primary side are phase shifted by ¢, and two legs in the secondary side are phase
shifted by ¢,. The phase shift angle 6 between the voltages vap and vcp is the third element of this
TPS modulation scheme, which determines the direction of the power transfer. In this paper, the duty
cycles of the switches on leg A can be regulated, while the duty cycles of other switches are fixed
at 50%.
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Figure 2. TPS plus duty cycle modulation scheme.

The Fourier-series method is adopted for the mathematical analysis of the converter in this paper.
In this approach, the significant harmonics of the circuit waveforms are all taken into account, and the
basic AC-circuit theory is used to analyze the resonant converter. The voltage vso across the switch
Sp2 and the voltage vpo across the switch S,4 with the duty cycle modulation are given by

va0 = Dupc + 2vpc i 1 sinnD7t cos[n(wst — D7) )
n=1
VRO = U'%—i— zvﬁcéism?cos[m(wst—;[—qol)} 3)
From (2) and (3), vap is given by
UAB = UAO — UBO = (D - %) (e ZZ’DC Z [smnDncos n(wst — D) —sin 8L cosn(wst — 5 — ¢1)]  (4)
Also, vcp is given similarly by
4UDC1 2 — sm 2 cos [n (ws — % — )] 5)

=13

This converter can be simplified by using the circuit model as shown in Figure 3.

Ir |
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Figure 3. Simplified circuit model of the converter.
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The nth harmonic component of i is given by

: inwsC : 1%
Im = ]7SI‘C (VABn - CDn) (6)

1 —n2w2L,Cy N

where N is the turns ratio of the HF transformer, V ABn and VCDn are the phasors of the nth harmonic
component of vap and vcp. Vapn and Vcpy, are given by

V ABn = szc {sinnDn(cos nDm — jsinnDm) — sin% [cosn(g + <P1) —jsinn(g + (pl)} } )
VCDn = 41;551 sin% [COSH(% +9) —jsinn(% + 9)} (8)

The nth harmonic average power component Py, is given by

nwsCr
(n2w2L,Cy — 1

Pan = Re [VABnIrn*} - )N X VABnVCDn Sin(q)ABn - (PCDn) (9)

where Vyp, and Vipy represent the magnitudes of VABn and VCDn, @ABn and @cpn, represent the
arguments of V zp, and Vcpp.The transmission power of the converter is given by

(10)

. . 91 _ -
P, = ¥ncvpawsCe f sin "2 1 | s nDrsinn (% + 0 — D)
a N n=T3... 2 n(nzngrCrfl)

sin% sinn(@ - @)

By substituting relevant parameters of the converter, the denominator of (10), namely
n(n 2a)gLrCr — 1), increases rapidly with higher harmonics. Its value is 1.27, 58.18, 278.26 and
770.26 for fundamental, third, fifth and seventh harmonics respectively. Thus only the fundamental
transmission power of the converter will be considered to calculate the transmission power as shown
in (11)

_4UDCUDC1 . P2 . . 1 . T+ @1
Py = XN sin > stnsm(2 +0 Dn) sin( 0 5 (11)

where the reactance X; of the resonant tank at fundamental frequency is given by

1
X] =wsly — — 12
1= Wsly wsC; (12)

If D is ideally near 1/2, then (11) can be simplified as
Py = %ﬁ?\? sin % sin % sin (13)

From (13) it is evident that the phase shift angle 6 between the voltages vap and vcp determines
the direction of the power transfer. When vap leads vcp by the phase shift angle 0, the power transfers
from the DC side to the AC side. When vap lags vcp by 6, then the power transfers from the AC side
to the DC side. The bidirectional power transfer feature of the DAB converters is thus realized through
the control of the phase shift angle 6. The average power transferred to the AC side is given by

4Vgupc sin(%H) sin6

Py = 14
ave XN (14)

Then the magnitude of ig is given by
I — 2Pavg _ 8upc sin(4l) sinf (15)

Ve XN
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According to (13), if ¢1 and 6 are fixed, then @, should be regulated as ¢ = 2wgt in order to
achieve unity power factor at the AC side [20-22], which is shown in Figure 4. T, represents the AC
voltage period. This modulation method for ¢, ensures the balance between the transmission power of
the DAB converter and the AC side power, which realizes a pseudo DC link between the DAB converter
and the synchronous rectifier free of the large electrolytic capacitor used in the dual-stage converter.

O >
T, 3T op 5T
2 ' 2

Figure 4. The modulation scheme of ¢;.

According to (11), assuming 6 = 71/2, two three-dimensional plots of the transmission power
characterization with dya,x = 0.05 and dpmax = 0.35 (dmax is defined as the maximum deviation
magnitude of the duty cycle D) are shown in Figure 5. p is defined as p = P,; /PN, where Py is given by

8upcV,
Py = DCVg

(16)
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Figure 5. Three-dimensional plots of the transmission power characterization with duty cycle
modulation (a) dmax = 0.05; (b) dmax = 0.35.

The transmission power of the DAB converter fluctuates at 100 Hz frequency and the transmission
power increases with bigger phase shift angle ¢;. As shown in Figure 5, it is obvious that the
transmission power of the DAB converter is near the ideal 100 Hz sinusoidal waveform with
dmax = 0.05, and is greatly distorted with higher dmax = 0.35. The distorted transmission power
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with dmax = 0.35 can cause distortion in the AC side current. Therefore, it is reasonable to use the
simplified (13) if a small dmax value can be obtained.

3. Control Strategy

The integrated buck/boost stage at the primary side of the HF transformer for power decoupling
is shown in Figure 6. Cs, Ls, two switches of the leg A and the DC bus form a bidirectional Buck/Boost
topology inherently, by which the power decoupling is realized. If is > 0, the topology works in Buck
mode. If is < 0, then the topology works in Boost mode.

iock T %}S
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A i Spl p3 NE; Er T
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Cs 4 4
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Figure 6. The integrated buck/boost stage at the primary side of the HF transformer for power decoupling.

The two working modes of the integrated buck/boost stage are illustrated in Figure 7. Ls works
as a part of the low-pass filter in the Buck mode, and works as a Boost inductor in the Boost mode.

Spl Ls

afF

Figure 7. Two working modes of the integrated buck/boost stage (a) Buck mode with is > 0; (b) Boost
mode with ig < 0.

Assuming that the AC side voltage and current are in phase, vg and ig are given by

vg = Vg sin(wygt) 17)
ig = Igsin(wgt)

Then the AC side power Pg is given by
.1 1
Py =vg - ig = EVgIg - EVgIg cos (2wgt) (18)

It is clear that Py consists of two components, i.e., the average part %Vg I and the oscillating part
%Vg Izcos(2w gt). As the battery serves at the DC side, the DC side power is required to be constant,
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which equals to the average part of Pg. Therefore, the oscillating power should somehow be mitigated
through energy storage buffers.

The ideal power decoupling performance of the integrated buck/boost stage is shown in Figure 8.
Pg represents the AC side power, P,y represents the average power of Pg, ipco represents the DC side
current without any control, P, represents the ideal decoupling power transferred into the decoupling
capacitor Cs, E. represents the ideal storage energy of Cs, us represents the voltage of Cs, and is
represents the ideal power steering current.

As ug can be controlled by the duty cycle of the leg A, the ripple power is supposed to be
completely eliminated by adjusting the duty cycle properly. The relation between the power decoupling
capacitor Cs and the duty cycle deviation d is given in [18] as

Vol
Cs = 88

= (19)
2wg V3¢ |dmax|

where dmax is the maximum deviation magnitude of the modulated duty cycle D.

l:)avg

Ipco

Pc

Figure 8. The ideal power decoupling performance of the integrated buck/boost stage.

The overall control diagram is shown in Figure 9. Iavg and iypple represent the average component
and the ripple component of ipc respectively. lavg* and i* represent reference values for lovg and irjpple
respectively. The phase shift angle ¢, is as follows: ¢ = 2wgt (shown in Figure 4) and the phase shift
angle 6 is fixed as 7/2. To obtain a specific value for the charging or discharging current of the battery,
@1 is used to control I;yg through a proportional-integral (PI) controller (error value Ig as input, ¢1 as
output), thus the battery charging or discharging current can be regulated based on the value of Iayg*.
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Additionally, iyjppe is controlled by the proportional resonant (PR) controller [23] (—i;jpple as input,
D as output). The non-ideal PR controller transfer function is given by

2K wcs

—_— 20
2 + 2wcs + w 20

Gpr(s) = Kp +

where the Kp, Kj, w. and wy represent the proportional term, the resonant term gain, the cut-off
frequency and the resonant frequency respectively. According to the internal model principle, if
a sinusoidal mathematical model included, the controller can realize zero steady-state error following
a sinusoidal reference input signal at the specific frequency [24]. The bode diagrams of the non-ideal PR
controller are shown in Figure 10, withKp = 1, K; = 10, w. = 5, 10, 20rad/sand wy = 2007t rad/s.
As shown in Figure 10, a high gain at the resonant frequency is obtained. And the bandwidth can be
widened with a higher value of w, and vice versa. A wider bandwidth is helpful when the frequency

variation effect occurs.

p1 . Iavg
. Main Inc .
Modulator D ... —®| Filter
Circuit :
Iripple

Figure 9. The overall control diagram for the proposed DC-AC DAB converter with DC side

power decoupling.
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Figure 10. The bode diagram of the non-ideal PR controller.

The control loop designed to control Iayg is shown in Figure 11. Gppr represents the transfer
function of the low-pass filter (LPF). Gpy represents the PI controller. G, represents the transfer function
from @1 to ipc. lavg™ is set as 0.5 A in the following analysis.
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* A A
lavg + 121 Ioc
Gp > G >
Gipr [«

Figure 11. Control loop for the purpose of lavg control.

According to (14), assuming that the PR controller is working appropriately and the DC side
power ripple is almost eliminated, then ipc can be given by

4V, sin(%) sin @

i =~ @)
G, is given by

= =5 = 22
Gels) =5 = T2xN C"s( 2 ) (22)

GLpF is given by

2
GLrr = - “n > (23)
§% 4+ 2fwns + w3

where the damping coefficient { = 0.7, natural angular frequency w, = 20mrad/s. Gpj is given as

50

Gpr =5+ . (24)
The loop gain of the system is given by
Go = GpiGcGrpr (25)

In the steady state, ¢ is calculated as 1.03 rad /s according to (21) assuming that ipc is ideally
controlled as Iyg*. Then the bode diagram of the corrected open-loop transfer function is shown in
Figure 12. As shown in this figure, the phase margin is enough to meet the stability requirement of
the system.

50

Magnitude (dB)

-150
45 F

Phase (deg)
@ o
(&)} o

107 10° 10° 102 10° 10
Frequency (Hz)

Figure 12. The bode diagram of the corrected open-loop transfer function for Ivg control.
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4. Simulation and Experimental Results

The simulation and experimental results of the proposed DC-AC DAB converter with DC side
power decoupling under low power condition are shown in this section.

4.1. Simulation Results

The main parameters of the MATLAB Simulink model are given in Table 1.

Table 1. Parameters of the MATLAB Simulink model.

Parameter Value
vg 18V (Vg)
fe 50 Hz

Vbe 30V
s 20 kHz
Cs 1900 uF
Cr 1.4 uF
L 102.5 uH
N 1:1

With ¢ = 71/2, 0 = 71/2, the simulation results of the AC side voltage vg and current ig, DC side
current ipc without the DC side power decoupling are shown in Figure 13. From Figure 13c, there is
a 100 Hz ripple current, or a 100 Hz ripple power at the DC side because of the double-line-frequency
power transmission nature at the AC side. It is noted that the unity power factor is achieved at the AC
side due to the applied modulation scheme for the phase shift angle ¢,.

i (A)

S T S

(b)

220 240 260 280 300
Time (ms)

(©

Figure 13. With ¢1 = 71/2, 0 = 71/2, (a) the AC side voltage vg; (b) AC side current ig; and (c) DC side
current ipc without the DC side power decoupling.

With ¢ = /2, 6 = /2, the simulation results of ig, ipc, the power decoupling capacitor Cs
voltage us and current is with the DC side power decoupling are shown in Figure 14. According to
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(20), the parameters of the PR controller are as follows: Kp = 0.3, K; = 3, w. = 5rad/s and
wy = 2007 rad/s.

From Figure 14b, the 100 Hz ripple power at the DC side is almost eliminated, thus a relatively
stable DC side current is obtained, which is important when the DC source is a battery. From
Figure 14c,d, as the duty cycle of leg A is modulated, the power decoupling capacitor Cs voltage us
fluctuates at 100 Hz frequency and balances the 100 Hz ripple power at the DC side. Also, the fluctuation
range of u; is relatively small, thus the modulation range of the duty cycle is small, which will not cause
a distortion in the transmission power and the AC side current ig as shown in Figure 14a.

3
Pt
~ 1 I
<
o0
S1F
2+
-3
(a)
1
08| | | | |
< o6t | | I i
[}
204
02
0 ]
b
17 ( )
16
Zw 15
T st
13
(©
2
1A
< of
T
2
0.22 0.24 0.26 0.28 0.3
Time (s)
(d)

Figure 14. With ¢; = 71/2, 0 = 71/2, (a) ig; (b) ipc; (c) the power decoupling capacitor Cs voltage us; and
(d) the power decoupling capacitor Cs current is.

The simulation results of the voltages vag, vcp, and the transformer primary side current i,
are shown in Figure 15. As ¢ is set as 71/2, the width of the positive part and the negative part of
vap is 71/2, and vap leads vcp by 0 = w/2. The envelope of the transformer secondary voltage vcp
under this condition is shown in Figure 16. According to vcpy given in (1), the magnitude of vcp has

FEE]
Hj Dj Hj Hﬁi“

152.9 152.95 153 153.05 153.1
Time (ms)

2

(=]

(=1

-2

=4

Figure 15. vap, vcp and the transformer primary side current iy (¢; = 77/2, 0 = 71/2).
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150 160 170 180 190 200
Time (ms)

Figure 16. The envelope of the transformer secondary voltage vcp (@1 = 71/2, 8 = 71/2).

Assuming the battery charging or discharging current is required as lyg* = 1 A, by adding the
layg control loop shown in Figure 9, ipc and ¢ are shown in Figure 17. It is clear that ipc is controlled

at the desired constant value 1 A.
1 Q

0.5

ipc (W)

(a)
5 ‘\\
> 4
2,
< 3
C i
2
1
0 0.2 0.4 0.6 0.8 1
Time (s)
(b)

Figure 17. (a) ipc and (b) ¢; with the [yg control loop (lavg* =1 A).
4.2. Experimental Results

The experimental settings are shown in Figure 18. The parameters of the experimental settings
are the same as the simulation parameters shown in Table 1. With ¢ = 71/2, 6 = 71/2, the experimental
results of the AC side voltage vg and current ig, DC side current ipc without the DC side power
decoupling are shown in Figure 19. Similar with the simulation results shown in Figure 13,
there appears a 100 Hz ripple current, or a 100 Hz ripple power at the DC side because of the
double-line-frequency power transmission nature at the AC side.

Control Board

Figure 18. The experimental settings.



Energies 2018, 11, 2746 13 of 16

Vg (20V/div) ¥ = ~10ms/divy ¥ 5
e (1A/d|v) : l«—ﬂOms/dl\i
m MM M M MM AR AR A A /\
ap?lu,a AN ANTA N AN ¢ \J AR ”v L’ YATAY
J H ‘J L‘é L\r 3

lg (2Ald|v)

@ ®)

Figure 19. With ¢ = 71/2, 6 = /2, experimental results of (a) the AC side voltage vg and current ig;
(b) DC side current ipc without the DC side power decoupling.

With @1 = 71/2, 6 = 71/2, the experimental results of the AC side voltage vg and current iy, DC
side current ipc with the DC side power decoupling are shown in Figure 20. The power decoupling
capacitor Cs voltage us and current is are shown in Figure 21.

T R yrrr
» ioc (LA/div) & l=10ms/div
i 1\ r"‘-.‘ ™ \ Pt A iy P i P P 5
.,f.r...a..‘.f..‘;.‘..f..‘.xf..}f....'»{..‘;{n..s..‘.l,-"‘r..“..‘.. OO OO O FEATRN O O A
LL\v'/‘ ngr" \"w( '1.‘"', f I“". { \'\v{
ig (2A/div)
(@) (b)

Figure 20. With @1 = /2, 0 = 7/2, experimental results of (a) vg and ig; (b) ipc with the DC side

power decoupling.

- Ug(BV/div) fe=| 10ms/div

s (2AVdiv)

Figure 21. The power decoupling capacitor Cs voltage 15 and current is.

Comparing Figure 20a with Figure 14a, and Figure 20b with Figure 14b, it is obvious that the
experimental results verify the simulation results. The experimental result of ipc is about 0.91 A,
which is near the simulation result of ipc. The 100 Hz ripple power at the DC side is almost eliminated
compared with Figure 19b, thus a more stable DC side current is obtained. Compared with Figure 14c,
the average value of 1 in Figure 21 is a bit lower than the expected value due to the voltage drop at the
DC side in the experimental test. With the duty cycle modulation, the power decoupling capacitor Cs
voltage u; fluctuates at 100 Hz frequency and thus the 100 Hz ripple power at the DC side is eliminated.

The experimental result of the transformer secondary voltage vcp in this condition is shown in
Figure 22. According to vpcy given in (1), vcp shows a 100 Hz envelope with a magnitude of 18 V (V).
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??

Voo (10VAIV) - sl 2ms/div

Figure 22. The experimental result of the transformer secondary voltage vcp (¢1 = 71/2, 0 = 1/2).

The experimental results of ipc with the PR control plus Iayg control loop (Iavg* = 1 A) are shown
in Figure 23. In this condition, ¢; is controlled as 1.62 rad/s compared with the simulation result of
2.2 rad/s shown in Figure 17b. It is noted that ipc is controlled as [ayg* =1 A.

N
..... lDC (1A/d]v)lom8/dlv

Figure 23. The DC side current ipc with PR control plus Iayg control loop (lavg* =1 A).
5. Conclusions

The basic characteristics of the single stage DC-AC DAB converter with an integrated uni-phase
buck/boost stage for DC side power decoupling purpose under low power condition is analyzed in
detail based on the mathematical analysis, simulations and experiments. Not only the power density
and reliability of the converter is enhanced as no additional power switch is added, but also the cost of
the converter is decreased. By controlling the duty cycle of the specific leg, the integrated uni-phase
buck/boost stage is able to completely eliminate the double-line-frequency ripple power with PR
control, which is verified in the simulation and experimental results. In addition, a current loop is
added to obtain a specific constant value for the charging or discharging current of the DC source.
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