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Abstract. This paper presents a single phase full bridge inverter with coupled filter inductors and voltage doubler for PV module integrated
converter (MIC) system. In DC/DC stage, full bridge circuit with high frequency sinusoidal pulse width modulation control is used, and
high frequency transformer with voltage doubler rectifier circuit to increase conversional ratio is adopted. Finally, at the conversion end the
rectified sinusoidal waveforms is generated. The coupled filter inductors, which are placed in voltage doubler, not only reduce circulating
current, which increases efficiency but also make the rectified output sinusoidal waveforms of DC/DC stage as smooth voltage source. In
DC/AC stage, the full bridge circuit with line frequency square wave control is adopted to reduce switching losses and control cost. To
verify the presented analysis a 100 W prototype single phase 220 VAC 50 Hz inverter output has been constructed and the experimental

results are given.
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1. Introduction

Among a variety of the renewable energy sources, photovolta-
ic (PV) sources are predicted to become important contrib-
utors to electricity generation among all renewable energy
candidates by 2040 [1]. Currently, there are three widely used
PV systems: the centralized inverter system, the string inverter
system and the module integrated converter (MIC) system [2—
4]. Since the MIC system offers “plug and play” concept, it
has become the trend for the future PV system development,
however, challenges remain in terms of cost, reliability and
stability [5-8]. As the MIC is most often fed from a sin-
gle PV module, its typical power rating between 100 and
200 W are also quite common [9-17]. Among key system
requirements there are: compactness, high reliability and low
cost.

In the traditional MIC which is shown in Fig. 1, the pow-
er conversion process can be easily divided into two sep-
arate stages — DC/DC and DC/AC conversions [1]. In this
arrangement, the DC/DC stage generates a constant dc link
and sinusoidal pulse width modulation (SPWM) is used in
the DC/AC inversion stage to produce AC waveforms that
meet the prevailing harmonic standards. However, PWM con-
trol introduces additional switching losses and requires addi-
tional control circuitry. Gate drivers are more complex and
control cost is higher. On the other hand, the main challenge
for DC/DC stage is that it must have high conversion ratio to
increase the low input voltage from PV panel.

In order to achieve high conversion ratio and increase effi-
ciency in the DC/DC stage and also avoid the penalties associ-
ated with a PWM control in DC/AC stage, this paper proposes
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a single phase full bridge MIC with coupled filter inductors
and voltage doubler shown in Fig. 2. The DC/DC stage gener-
ates rectified sinusoidal waveforms on the dc link. This makes
it possible to reduce the output stage inverter to an unfold-
er using a simple line frequency square-wave control. The
voltage doubler is adopted to increase conversion ratio, and
the coupled filter inductors are placed in voltage doubler, The
coupled inductors also reduce the circulating current which
make the energy transfer back to source.
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Fig. 1. Traditional commercial MIC
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Fig. 2. Proposed MIC with coupled inductors and voltage doubler

The paper firstly studies DC/DC stage in detail. The op-
eration and key features of the individual modes of the MIC
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are discussed. The theoretical analyses are performed to ex-
plain the reducing of circulating current by coupled filter in-
ductors. Also, the conversion ratio is analyzed. Secondly, the
DC/AC stage with line frequency square-wave control is in-
troduced. Finally, experimental results of a 100 W converter
with 48-VDC input and 220 VAC 50 Hz output are provid-
ed at the end of the paper to confirm the theoretical analy-
sis.

2. Operational principle

The proposed MIC system is shown in Fig. 2. Voltage-doubler
and high frequency transformer are adopted to step up output
voltage and coupled inductors Ly and Ly are adopted not
only to be as filter inductors but also to reduce the circulating
current. Several assumptions are made as follows:

1. Transformer includes primary side 7}, and secondary side
Ts, and their currents and voltages are %, and ig, Vr, and
Vs respectively, Vi, Vs =is/ip =mn, Lyn = Ly, and
their voltages areVz, 1 and V7 ro respectively.
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2. Switches S;_4 are ideal except for internal diodes (D =
Dy = D3 = Dy) and parasitic capacitors (C; = Cy =
C3 = Cy) and switches (Q1_4 are ideal.

3. The input voltage is V;,, R, is load, V, is valid value of
AC output voltage.

4. Voltage doubler is ideal, rectifier capacitors C,1 and Ci
are identical and their voltages are V.1 and V.o re-
spectively, the output of the voltage doubler is Vpc and
Vbe = Ver1 + Vere, Vor: and Ve can be simplified as
Vbe/2, Dy and Do are rectifier diodes.

The operating waveforms of the proposed MIC system
are shown in Fig.3. In Fig. 3a, the S;_4 in DC/DC stage are
controlled by high frequency SPWM signals. The (Q1_4 in
DC/AC stage are controlled by line frequency square wave-
form signals. Finally, the rectified sinusoidal voltage Vpc is
inverted into AC output voltage V,. The high frequency oper-
ating waveforms of the proposed MIC are shown in Fig. 3b,
and each switching period is subdivided into five modes which
are shown in Fig. 4.
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Fig. 3. Operating waveforms of the proposed MIC. (a) Operating waveforms of line frequency. (b) Operating waveforms of high
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Fig. 4. Equivalent circuits of the proposed MIC for mode analysis.
(a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e¢) Mode 5

1) Mode 1 (tp <t < t1). The gate signals of S; and Sy
are the same and they are turned on at the same time. The
input voltage V;,, is transferred to the primary side 7'p, that
is, Vrp = Vip. Dyg is turned off, D, is turned on and Cq is
charged by iy, r1(t), that is, irr2(t) =0, irs1(¢) = is(t) and

Bull. Pol. Ac.: Tech. 57(4) 2009

Vert = Vpe /2. ip(t) = nig(t) and ip(t) increases lineally
from ¢y. The voltage expression of coupled inductor Ly can
be represented as follows:

dir 1 dir g2
M .
dt + dt
Since i1, p2(t) = 0, and ip(t) can be represented as follows:

ip(t) = nis(t) = nipp(t) =

Visr =nVin = Vpe/2=Lp

1)

n 2
= 7.~ (nVin = Vbc/2)(t — to).

f1
where M is mutual inductance between Ly and L yo.

2) Mode 2 (t; <t <t3). S1 and S, are turned off at ¢;.
The current i p(t) decreases through Dy and Ds, the energy is
transferred back to source due to the circulating current, that
is, Vrp = —nVip. Dy1 and D,o are turned on, i1 (t) de-
creases and iy so(t) increases, and is(t) = irf1(t) —irp2(t).
Ver1r = Vere = Vpe /2. The expression of coupled inductors
Ly and Ly, irf1(t), irs2(t) and ip(t) can be represented
as follows:

Vi _ —nVin, — Vpe /2 _
Vigo nVin — Vpe /2
dig 1 3)

_ Ly M dt
M Ly dirfo |’

dt

infi(t) =ippi(t)+

Lyo(—nVip —Vpe/2) — M (nVi, — Vpe/2)

+ LflLf2 — M2 (t - tl)a
4
irg2(t) =
- Lfl(nvin - VDC/2) — M(_n‘/m - VDC/2) (t —t )
- Ly Ly — M? Y
Q)
ip(t) =nis(t) = n(ipn(t) —irsa(t)) =
o (L2 + M)(=nVin — Vpc/2)
=nip(t1) +n ( Tl — M2 + ©)

+

(=L — M)(nVin — Ve /2)
L Ll — I = )(t—tl).

3) Mode 3 (t2 < ¢ < t3). The current ip(t) decreases
to zero. D,q and D, are turned on, i1 71(t) = irf2(t), and
Vis1 + Voo = Vor1 + Vore = Vpe. The voltage and cur-
rent expressions of coupled inductors Lyq and Lyo, can be
represented as follows:
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diLfl diLj'Q diLfQ
. o — L L.
Vi + Vige n=y + M 7 + Lo 7 +
i @)
TLf1
M =V
+ dt DC,

inf1(t) =ipp(t) =

Voo L (3)
Lf1+Lf2+2M( o)

4) Mode 4 (t5 < t < t4). Currents iy ¢ (t) and irr2(t)
decrease to zero. Since C); is charged and C, is discharged
in mode 1-3, Vo, is larger than Vo9 in this mode and then
D, is on and i ¢2(t) is not zero. However, Voro— — Vorn
is much smaller and the inductance of T is much larger,
irp2(t) is very small compared with modes 1-3 and can be
seen as zero, thus Vg can be simplified as —V(,2, that is,
VTp = —VCTQ/TL = —VD0/2TL.

5) Mode 5 (t3 <t < t4). The primary current i p(t) flows
through S and S3, another cycle is began, and the analyses
are similar with modes 1-4.

=irpi(t2) —

3. Analysis of Coupled Inductors

In Fig. 5, i; (t1 <t < ty) is circulating current which makes
energy return back to source. In order to decrease the circu-
lating current, the filter inductors Ly and Lyo are coupled
with each other is adopted. The dashed line (t; < ¢ < t4) in
Fig. 5 shows the currents i, 71(¢), irr2(t) and ip(t) when the
Ly and Lyo are discrete inductors and don’t coupled with
each other. In this case iz r1(t), irr2(t) and ip(t) can be
represented as follows:

—nVi, — V; 2
L—DC/(t _ tl)
1 )

(th <t <ty),

infi(t) =inp(t) +

. nVin — Vpc/2
Zsz(t) — L—DC/(t — tl)
12 (10)
(ty <t <ty),
ip(t) = nip(t1)+
L - in 2)— Ly in 2
o Lr2(=nVin = Ve /2) = L (nVi VbC/)(t—tﬁ
Ly Lys
(t <t <th).
(11

Compared with (4), (5) and (6) where Ly and Ly are
coupled with each other, since there is not mutual M in (9),
(10) and (11), the slope of 4, in (t; < ¢ < t3) is smoother
than that in (3 < ¢t < t3), and then the energy transferred
back to source by i, is higher. Therefore, the coupled induc-
tors is an effective method to reduce circulating current which
is shown in (¢; <t < t9) in Fig. 5.
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Fig. 5. Waveforms of the currents of coupled inductors and primary
side of transformer

4. Analysis of conversion ratio

In order to analyze the conversion ratio Mpc, the wave-
form of primary current ¢p shown in Fig. 5 is considered.
For T' = t4 — to, ip is described as iz‘f (to <t < ty), iy
(t1 <t < ta), and I, is the average value of i,. Mpc is
represented as follows:

MDC = VDCmax/V;n- (12)
where Vpe max 18 the max value of Vpe.
1,, can be represented as follows:
t1 to
_ |+ —
1,,T = /zp dt + /zp dt. (13)
to t1

Based on Egs. (2), (6), the i;r and i, can be represented
as follows:

it =nBri(nVin — Vpc/2)(t — to)

(14)
l; = m';(tl) — TL(BLQTLV;‘n — BL3VDO/2)(t — tl)
where
5oL
L1 Lflj
L+ Ly +2M
Bro = — :
T LpLp - M7 (1>
Ly — Ly
Bp3=—"—"""—.
b3 LiLs — M?
1,, also can be represented as follows:
2
V2 V max 2 V2
Ia'u _ 0 _ ( DC /\/—) _ Y DC max (16)

VinRo VinRo ViR,
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Based on (13)—(16), the conversion ratio M p¢ can be got
as follows:

VDC max

Mpc = v

1 (17)

L Big 1 1(@)2 g !

4n Biy | 2n\ 4 \ Bys R,T B2

where
DonT =t — tOv

Doy T = to — 1,
Biy = Br1D2, + BraDlg
Bis = Br1D?, + BrsDs ..

From Eq. (17) it can be seen that conversional ratio M pc
depends on Dy, Dogs1, L1, Ly2, M, R,, cycle T' and turns
ratio n. It means that these parameters can be adjusted to sat-
isfy the conversional ratio M pc demanded.

S. Unfolder of DC/AC stage

As the input of the DC/AC stage is the rectified sinusoidal
waveform, the square-wave control can be applied. In the
DC/AC stage, the switches turn on and off with the line fre-
quency.This avoids high switching losses caused by PWM
control. The transfer function of the unfolder is

@1 and Q4 on

@2 and Q3 on

Voc = MpcVin,
Vo = (18)

~Vpe = —MpcVin,

6. Experimental results

The parameters of proposed MIC system are shown as fol-
lows: transformer turns ratio n = 4.5, Ly; = Lyo = 120 pH,
M = 40 uH, C;1 = Cyo = 0.1 uF, the max D,, = 0.75,
the frequency in DC/DC stage is 50 kHz and in DC/AC stage
is 50 Hz. Based on the designed parameters, a 100 W sin-
gle phase MIC prototype with 48 VDC input and 220 VAC
50 Hz output is constructed. The Experimental operating
waveforms of high frequency stage which D,, = 0.5 are
shown in Fig. 6a—c. Figure 6a shows the primary side volt-
age of transformer Vrp and the primary side current ¢p. It
can be seen that when input power is imposed,ip increas-
es, and when input power is off, ¢ p decreases sharply due to
the circulating current is reduced. Figure 6b shows the cur-
rents of i1 and 72, and the waveforms agree with the
coupling analysis to reduce the circulating current. Figure 6¢
shows the voltage V1 and Vi, of voltage-doubler capaci-
tors Cyq1 and Clo. Duo to the interleaved voltage ripples and
Vbe = Ver1 + Viore, and then the ripple of Vpe is reduced.
The Experimental operating waveforms of line frequency are
shown in Fig. 7a—b. Figure 7a shows the voltage V1 and
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Veora of line frequency, and each one is the rectified sinu-
soidal waveform. Since Vpc = V1 + Viore, it means the
output of voltage-doubler Vp¢ is doubled, and then the con-
versional ratio is increased. Figure 7b shows the final AC
output voltage V,, and current /.
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Fig. 6. Experimental operating waveforms of high frequency of pro-
posed MIC. (a) Waveforms of Vrp and i¢p. (b) Waveforms of iz ¢1
and iz f2. (c) Waveforms of Vi1 and Vire
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Fig. 7. Experimental operating waveforms of line frequency of pro-
posed MIC. (a) Waveforms of Vo1 and Viera. (b) Waveforms of V,

and I,
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Fig. 8. Efficiency of the proposed MIC

The rectified sinusoidal voltage Vp is inverted into sinu-
soidal voltage V,,, finally a resistive load is supplied and this
is adjusted to give the rated power 100 W at 220 VAC. Due
to the interleaved voltage ripples of Vi1 and Viora, the ripple
of V, is less than V-1 and Vio,-0. The efficiency comparison
between coupled inductors and discrete inductors is shown
in Fig. 8. It is noted that the proposed converter shows the
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higher efficiency over almost the entire load range because of
the reducing of circulating current.

7. Conclusions

In this paper, a single phase full bridge inverter with cou-
pled filter inductors and voltage doubler in PV module in-
tegrated system is proposed. The DC/DC stage operates in
high frequency SPWM control to generate the rectified sinu-
soidal waveforms. The DC/AC stage operates in line frequen-
cy square-wave control to generate the sinusoidal waveforms
and the switching losses and control circuitry is reduced. In
DC/DC stage, the voltage doubler is adopted to increase con-
versional ratio and the coupled filter inductors are adopted to
reduce the circulating current which make the energy transfer
back to source. The experimental results of a 100 W prototype
MIC have been presented to validate the theoretical analysis.
The efficiency of the proposed converter is obtained about
81% at a rated condition.
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