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Impedance source Y-Source Impedance Network (YSN) is one of the most suitable
network, Y-source providing high voltage gain. lgeneratea high voltage gain by using ¢
network,transformerless small shoothrough duty cyclewhich makesit suitable in applications
micro-inverter leakage require a wide range of input voltages suchteasPhotovoltaic (PV)power
current,leakage plants. However, traditional (YSNs) are unable to boost low voltage
inductance certain applications to the D@nk voltage (about 400V) since it requiras

high number othe turns ratio. Higher turns ratio implies higher leakag
indudance resulting in higher D@nk voltage spikes. Also, traditiona
YSNs have high voltage stresses across the components. In this pa
developed new transformerless Midrverter (Ml) is presented that car
overcome all the aforementioned drawbackise proposed MI has beel
developed and designed to eliminate both the leakage inductance d
threewinding coupled transformer and leakage current due to us
transformerless MI configuration. In addition, the proposed MI reduced
componentsstresssignificantly and increases the converter voltage g:
capability in one singlstage. The proposed high boost rat
transformerless Ml isnalyzedthroughthe PLECS software simulator anc
implemented in a small scale MI prototype to ensure the results agree
theanalysis and simulation results
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1. Introduction

One of the priorities in recent years is the development of alternative sources to generate electricity
particularly from renewable sources, which produce low levels of environmental contamination. These
renewablesourcegplay an important role in the lorigrm andcanbring significant changes to the global
energy system. Solar energy is the most available source of renewable [@heSgyar panels are used

to convertSun energy into electricitproducing drect curren{DC).
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The inverterplays akey rok in the PV system which is converting direct current (DC) into alternating
current (AC)needed in the electricity grii2]. Inverters can be classified as a central inverter, sting
inverter, and MI. The MI offers the benefit of high power expansion, redwhading, easy monitoring

and, easy installation. It attracted a lot of attention to the development of PV systamisA[3

The linefrequency or higHrequency transformer is generally used for PV -godnected MI in order

to increase the voltage émprovide galvanic isolation between the grid and the PV panel. However, a
line-frequency transformer reduces the efficiency of the PV grid system and increases costs and
volumes. Also, the higfrequency transformer and DGC switches cause additional $osf power
Consequentlythe nterest in transformerless singdage Ml topologies is increasing

Impedance network developments provide an efficient means of converting power and offer a wide
range of voltage gains. In addition, new improvements have also been made to the basic network with
coupled magnetics to increase the voltage while using a smaditthrough duty cycle [6]. These
include switched inductor -Zource [7], embedded-&urce [8], extend -Bource [9]. However, the
outputvoltagerange can be extended only by adding a number of stages of the impedance network,
which resultsin increasng inverter volume and cost and reducing inverter efficiency. By introducing
coupledmagneticwinding instead ofan inductoy different boost factor can be achievédr instance,
TransZ-source inverter. [10Jji-Z-source inverter [11] and-3ource inverte[12]. A high stepup YSI

[13], which suggested a new configuration to provide a high voltage gain ensured by recycling of the
leakage energy. Recently, a Modified-Source Inverter (MYSl) has been proposed [5], the
configuration consists of two capac#pdiode, input inductorl, and a thresvinding coupledinductor

(N1, N2, and N). The three coupling inductor and shdlatough duty cycleenabling it to be utilized in a

wide range of input voltage (solar module). However, it has some common drawbach as (ip

higher number of turns ratio required to achieve high voltage gain. Higher turns ratio implied higher
leakage inductance result in higher Ik voltage spikes and power losses. (ii) High voltage stresses
across the components. (iii) Leale current due to the absence of galvanic isolation. Hence, to
overcome all drawback mention abdhe contributions of this work is summarized in the points below:

1. Designing a new impedance source based on three coupling winding configuration. The output
voltage gain of the proposed configuration is twidgherthan that of the improved YSI [5].
Hence, less number of turn rati@e required, which consequentlyedwce the leakage
inductance.

2. Reducing the voltage stress of the proposed MI on the diedsy D1/K). The voltage stress
equals to the voltage attained at the-IDR voltage. On the contrary, the voltage stress on the
diode D is equal to Ddink voltagemultiplies by K of traditional YSN. ltmeanshat the diode
voltage stress of the traditional YSN affected by the number of winiicigrs (K), as (K)
increases the voltage stress dlmreasesWhile the voltage stress of the proposed MI on diode
D, is constant and equal to the BiGk voltage

3. The diode (B) acts asa clamping diode, which is used to limit the voltage spike generated on
the switches caused by the leakage inductance that may in turn cause current distortion, EMI
and additional systa losses. This active clamping feature is very necessary with the use of
cheap ferrite core such as the one proposed in this work. Hence, there is no need for restriction
when using expensive cores such as the MP cores

4. By connectingthe negative pole ohe PV module directly to the neutral line of the grid, the
grounding leakage current can be extremely eliminated. The voltage across the floating capacitor
(C,) provides a virtual Ddink voltage that can be used to provide output voltage during
negative haltcycle, while the D@ink voltage is the voltage across capacitoradd G.

This paper is organized &alows, section2 introduces the proposed configuration topology. Se@ion
shows the operation modes. Sectdioshows the simulatioand experimentaksults. Sectio® provides
conclusions.

2. The Proposed Configuration

The proposed Ml is shown in Figure 1. It employs an impedaauece, virtual DC bus inverter, an LC
output filter, and a resistive load. The impedaBoeirce networkconsists of three capacitors, two
passive diodes, input inductor;{L, and three winding coupled inductors wounded in a single magnetic
core. The virtual DC bus inverter includes five switches and a capagit@flo&ting capacitor). The
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positive lead ofthe floating capacitor connected at the common point betwgean® 3 while the
negative lead linked to the common point betwegard $ as illustrated in Figure 1.

PV Impedance-Source with Virtual DC Bus Inverter . | LC Filter | Load
Panel Clamp and Voltage Doubler
(Source) Circuit
C2

mn
=

— Load

Figure 1: Proposed SingledPhase Transformerless Micrelnverter.
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Figure 2: Modulation strategy of the proposed Singld’hase Transformerless Micrelnverter.

3. The Operation Modes

The switching pattern of the modified unipolar sinusoidal pulse width modulatgiown in Figure 2.
The reference signal Ma compared with carrier signal Vc for modulating switchgarl 3, while -Va
is the reference signal for modulating switchesu® 3. Vstrepresentshe reference signal for sheot
through time intervals. In the PWM strategy, the switches in the dagieannot beturned on
simultaneously because the floating capacitmvidesthe virtual DClink voltage. In the modified
PWM, S commutates complementary tg \Bhile S commutates complementary tg. §; commutates
at synchronous with ;S In addition, diring the freewheeling mode with, &nd S conduct, $ is
conducting again whetie Vst is higher than the V@.he operation modes of the proposed topology can
be divided into five operation modes per one cycle where the equivalent circeécdio mode ishown
in Figure 3.
1. Mode 1. isthe freewheeling mode, in this mode, &, S areON and 3, S, areOFF. Because
the voltage sum of the capacitos, @ductor N, and N3 are higher than the voltage of capacitor
C,, the diode B is reverseébiased. The capacitor;@ charged by the input source and input
inductors Lin, while the capacitor,@nd G are charged by inductors, dnd N.. Meanwhile,
the capacitor C4 is charged by the input source, inductors LirardIN3
2. Mode 2: a&tive mode, this mode exists only during the positive half cycle. During this mode
switches § S;, and S are ON while $and S are OFF. Like in mode 1 the capacitors G, C;
and G are charged by the input source and the inductors
3. Mode 3: also knowras freewheeling mode, during this mp&g S, are ON while § S, S
OFF. The input source and input inductorsdre discharged by the capacitor. ®eanwhile,
the capacitor €and G are charged by the inductorg &hd N.
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4. Mode 4: known as shothrough (ST) mode, in this mode,S;, and S are ON while $and $
are OFF. The diode Dis blocked since the voltage of capacitar i€ higher than the input
source voltage in combined witetninductor Lin voltage. The capacitor, & discharged by the
inductor N; through switches Sand S, while the input source and the capacitgrcBargethe
inductor Lin. In addition, the capacitog 3 discharged by the inductors &hd N

5. Mode 5: also known as active mode, this mode exists only during the neggfiaycle. The
switches $and $ are ON while § &, and S are OFF. The capacitors;,0C,, and G are
charged by the input source and the inductors. Meanwhile, the capagiiavitied the voltage
requiredfor the load.

a) Mode 1 b) Mode 2
' llm

Ic2

st |

d) Mode 4

} \c|l:|"ﬁ| SJ o ::‘? howl

€) Mode 5

Figure 3: The equivalent circuits of the proposed MI during fivemodes

I. Voltage analysis
1. ShootThrough Mode (ST

The equivalent circuit during the ST mode showtkigure 4a. ST mode can be achieved by turning on
the switches Sand $ simultaneously. The diode;[is reverse biased while diode 3 conducting. The
circuit expressions during this mode can then be written as ®by3):

6 —6 —6 T 1)
6 6 6 Tt (2)
6 —6 6 Tt 3)

2. Non-ShootThrough Mode

The equivalent circuit in this mode is shownFigure 4b. During NST mode the diode B forward
based while the diode D2 is blocking. In this matie capacitors ¢ C,, C;, and G are charged while
the inductors are discharged. During NST mode the following eqeati6) can be derived
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6 6 —6 6 Tt 4)
6 6 6 T (5)
6 6 6 —6 6 m (6)

IsT L Ve T Vea Load

Vin

. %
ver T Vo1 T O

a) ST mode b) NST mode
Figure 4: Equivalent circuit of the proposed MI.

The capacitorvoltage and the boosting factor of the proposed inverter can be driven by utilizing the
circuit expressions durin§T mode or DT time interval and neshootthrough mode or (D) T time
interval.

From e (1) and (4), by applying the voltage secdralance. The voltage of capacitoy&@n be found:

6 @ (7)
In the same manner, by applyitite voltage seconbalance for equations (2) and (5). Then the voltage
of capacitor Gcan be found:

6 — (8)
The voltage across;€an be found by solving equations (1) and (3) as shown below.

6 — ©)

Then the voltageaoss G in term of input voltage ) can be derived as shown below

6 (10)

In the same manner, the voltage acrosar@ G can be expressed as

6 (11)
6 (12)

By solving the eqg4) and (6), the voltage of the Dbk Vpc of the proposed inverter can toeind as
shown below.

6 6 (13)

By introdudng a winding factor K, where ———. Then thecapacitorvoltage egs(10), (11) and
(12) in addition to D@ink voltage eq(13) can be rewritten and simplified iarmsof shootthrough

duty cycle D and winding factor K.
6 _— (14)
6 _ (15)
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6 — (16)
6 6 — (17)

Thus, the boosting factor can be obtained fEegn(17) which is equal tthe DC-link voltage over input
voltage.

LN (18)

The voltagegainsof the proposed MI at different winding factor K and turn ratiogs. (Nb: N3) are
depictedin Table 1. It can be seen that thesenore than one combination of winditgrnsratios (N:
N2: N3) to be selected for each winding factor K value for a spmeeditage gain and rge of shoot
through duty cycle.

Table 1 Gain of the proposed with different winding factor K and turn ratios.
Winding Factor K 0<D<Dynax Proposed Ml Gain  Turn Ratio (N1:N»:N3)

2 0<D<1/3 S (1:1:3), (2:1:4), (1:2:5)
o o3

3 0<D<1/4 o (1:1:2), (3:1:3), (2:2:4)
o T1$

4 0<D<1/5 ! (2:1:2), (1:2:3), (5:1:3)
o u$

5 0<D<1/6 v (3:1:2), (2:2:3), (1:3:4)
o 0%

6 0<D<1/7 ¢ (4:1:2), (3:2:3), (2:3:4)
o x$

The winding factor Kis previously determined in the designing of the inverter. Thus, the boosting factor
of the proposed invertavas determined only by the value dfe ST duty cycle. The higher the duty
cycle D, the highethe output voltage can be obtained. Figure 5 shows the boosting factor of proposed
MI with different dutycyclesand winding factor.

Gain
30y 1

[ — K=2 |

25}

K=3 I

Figure 5: Boost factor of the proposed topology ahe different shoot-through duty cycle and winding
factor.

The AC output voltage of the proposed inverter can be obtainfetlass:
6 " -6 — - 6 (20)

Where Mrepresentshe modulation index. The maximum modulation index corresponding to the ST
can be driven below:
M=1-D (21)

II. Currentanalysis

Similar to the voltage analysis, there are two operation modes the ST mode asitbotihrough
mode. The magnetizing current can be calculatddlasvs:
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Ee . E . E 1
E E E
~ E E .E . E m (22)
. E —E —E E
WhereE, E, andE are the instantaneous currents via windingsNy, and N respectively, while,j is
the magnetizing current

1. ShootThrough Mode
The circuit expressions during ST mode using KCL can be writtésilag’s:

E E (23)
E E E (24)
E E (25)
E E (26)

2. Non-ShootThrough Mode
The circuit expressions during NST mode using KCL can be writtéollaws:

E E E (27)
E E E E E (28)
E m (29)
E E E (30)

By applying chargesecond balance on the current equations carbtaénedas
) (31)
) — (32)

4. Simulation and Experimental Results

Simulation and experimental of the proposed topology are carried out to confithethetical analysis
above, while the circuit parameters are given in Table 2.

Table 2 Parametersthat used for simulation analysis

Parameter The Proposed Ml
Input voltage (Vi) 25V
Output voltage (V) 30Vrm.s
Lin 3mH
Ly 3.3mH
Inductors N, 15
N, 15
N3 45
C1 220uF
Cc2 220uF
Capacitors C3 220uF
C4 940uF
G 10uF
K 2
Power 25W
Operation frequency 50 Hz
Switching frequency 10 kHz

I. Simulation Results of the Proposed Ml

The overall system performance has besralysedand evaluated through the PLECS software
simulator. The Ddink voltage according to the mathematical analysis equal to 108V at Vin=25V/, K=2
and D=0.18. However, the simulation result of the-Ik voltage was about 100V as shown in Figure

6. The PLECS imulator uses the specifications for the circuit design to provide more realistic results.
Figure 7 shows the simulation result of the-lixik voltage of the traditional YSN with the virtual DC
bus inverter [5]. The simulation carried out at the same peteamused for the proposed MI. It is clearly
shownthat the DClink voltage of YSI is roughly half of the D@nk voltage of the proposed MI, where
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it's measured equal to 52V. The unfiltered output voltageysoidaloutput voltage and load current of
the proposed topology are shown in Figure 8, Figuen€@ Figure 10 respectively.

DC-link Voltage at Vin=25V and D=0.18

DC-link Voltage at Vin=25V and D=0.18

Voliage (V)

T e 0 - Ll L = U U L = L L
:u 90 95 £.000 8001 8.002 8.003 §.004 §.005 8.006 8.007 8.008 8009 le-1

A Time (s)
Figure 6: Simulation results of the proposed MI operating with two modes shodghrough mode and active
mode (nonshootthrough mode). DClink voltage at Vin=25V, K=2 and D=0.18.

Time (s)

DC-Link voltage at Vin=25 and D=0.18
s0
10
=
&30
3
20
10
0 5 5 T T 5 T T 5 h -
8000 8001 8.002 5.003 8.004 8.005 5.006 8.007 8008 8009 < lel
Time (5)

Figure 7: Simulation results of the traditional YSN DGClink voltage at Vin=25V, K=2, and D=0.18.

Vo

Voltage (V)

T T T
0.70 0.72 0.74 0.76 078 0.80 0.2 084 086 0.8
Time (s)

Figure 8: Simulation results ofoutput voltages withouta filter.
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20
€
% 04
z
-20
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-60-
0.70 072 0.74 0.76 0.78 0.80 08 0.84 0.86 0.88
Time (s)

Figure 9: Simulation results of sinusoidal output voltages with filter.

1

01 0.12 0.14 0.16 0.18 02 0.22 0.24 0.26 0.28 03

Figure 10: Simulation results of load current.
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The proposed MI exhibit lower voltage stress across the diqddd traditional YSI as shown in
Figure 11, which clearly indicates that the voltage stresses across YSI diateedbout 3 times greater

than of the proposed MI at the same output voltage. This is considered one of the most important points
that solved in this topology-he voltage stresses across diodesuil D, are shown in Figure 12. It can

be seen that the ale D stress during ST mode equal to the-& voltage while the B3 is zerq

implies it is conducting during ST. Cthe contrary, during the NST the diode 3 blocking and the
voltage across it equal to half the voltage 50V. Figure 13 shows thge/aitdhe capacitors, where the
voltage of G and G have equal voltage values. The voltage gisihe same ashe DC-link voltage.

Figure 14 shows the input current of the proposed topology. It can be seen that the input current is free
of ripple and icreases during ST mode and decreases during NST mode. The current through winding
inductors is shown in Figure 15. The current through switchltich is shown in Figure 16, where the
stress of $hashigher stress durinthhe negative half cycle.

Voltage Stresses Across Diode D1

=0 YST m—— ST NST

300

2504

200

Voltage (V)

150

100 MI
4 —

50

o - . - w— ™ Y
8.0000 §.0002 8.0004 8.0006 §.0008 8.0010 §.0012 8.0014 8.0016 §.001§ 8.0020 §.0022 §.0024 8.0026 8.0028 » le-1
Time (s)

Figure 11: Simulation results of voltage stress across diode.Both topologies compared at the same output
voltage.

Stresses Voltage of Diodes
S oo r—__J_JL_ L L
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Figure 12: Simulation results of voltggestre”ssacross diodes Rand D..
©
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Voltage Stresses {@ss Capacitors
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N ~ Gand G

0
v T T T
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Figure 13: Simulation results of the voltage across capacitors,C,, Cs, and C,.
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Input curent
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Figure 14: Simulation results of the input current.
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Figure 15: Simulation results of the current v@ding inductorsL 4, L,, and Ls.
5
O

Current Via 83

T T T
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Figure 16: Simulation results of the current through switch $.

5. Experiential Results

To validate the performance tife proposed transformerled®ost Ml, a 25W scaldown prototype is
developed. A photograph of the laboratory experimentalgét shown in Figure 17.
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PC Host
> .

Fi'gure 17: Photograph of the 25W MI experimental seup.

It can be seen in Figure 18, that the-Iik voltage increased to 100V at D=0.18 which is due to three
factors. These are the winding factor, voltage doubler operatidhegfroposed converter, and the
change of D. As such, from 25V as input voltage MLGGC output voltage is obtained which is difficult

when using traditional boost converter or YSI at the same D. It can be clearly shown that the result is in
good agreement with the mathematical and simulation results. The results illustrated that bere is
spike voltage applied across the IGBT switches. Hence, the influence of leakage inductance is
completely eliminated. Thus, the passive snubber circuit requirement is not needed in the proposed M,
which increases the overall efficiency of the converidris is due to that the converter basedan

active clamp circuit to recover the leakage inductance energy dfrdewinding transformer. Figure

19 shows the output voltage of the converter with the LC filter. It is clear that the peak filter output
voltage is reduced due to the effect of PWM and LC filter. Also, the obtained peak voltage ati®=0.18
equal to 56V. The voltage stresses across the diodasdD cycled= 0.18 is shown in Figure 20. The
voltage stresses of diode; Bnd B are 100V and60V respectively. The voltage stresses acrasis S
shown in Figure 21. As observed in the simulation results, the voltage stresses across all five switches
arethe same and equal to DIk voltage whichequalsto 100V at D=0.18. The voltage spikes are
clamped to the Ddink voltage, thanks for clamping diode.

50V/div 50us/div |

Figure 18: Experimental result of the proposed MI. DCIink voltage at D=0.18, K=2 and V;,=25V.

50V/div 10ms/div
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