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Abstract

When a galvanic connection between the grid and the PV array is made, a common-mode voltage exists
that generates common-mode currents. These common-mode currents may produce electromagnetic
interferences, grid current distortion and additional losses in the system. Therefore, to avoid the leakage
currents that would penalize the transformerless power chains, it is worth focusing on topologies that do
not generate common-mode currents. Some topologies available in the market touch more or less such a
crucial requirement. However, some drawbacks generated by the non-utilization of the transformer still
exist. These drawbacks maybe reduced or totally eliminated using suitable topologies as well as control
strategies. In this paper, a new topology has been developed. Its control strategy has been simulated and
experimentally validated. Accordingly, high conversion efficiency and low leakage current level have
been demonstrated.
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1. Introduction

Nowadays, the invention and development of new energy sources are continuously enhanced because of
the critical situation of the chemical industrial fuels such as oil, gas and others. In fact, burning oil, coal
and natural gas generates nitrogen oxide, sulphur dioxide, mercury and other toxic metals in the
atmosphere, polluting air, land and water. Nuclear fission as an energy source also produces radioactive
waste, a material that will remain deadly for thousands of years. The poisonous results of the various
pollutants created by the use of these fuels are becoming increasingly harder to justify. This is why the
renewable energy sources have become a more important contributor to the total energy consumed in the
world. In fact, the demand for solar energy has increased by 20% to 25% over the past 20 years [1]. It is
true that the current energy production contribution of photovoltaic (PV) systems is still low, as shown in
Figure 1, however, thanks to their continuous cost reduction, efficiency and reliability increase, the
market for PV systems is growing worldwide (Figure 2). Currently, solar PV provides some 4800 GW
worldwide. Between 2004 and 2009, grid connected PV capacity reached 21 GW and was increasing at
an annual average rate of 60% [2]. To enhance the application of PV systems, research activities are
being conducted in an attempt to gain further improvement in their cost, efficiency and reliability.
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Figure 1. Worldwide electric energy consumption by fuel type for 2008[2]
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Figure 2. Average annual growth rates of renewable energy capacity for 2004-2009

Early PV systems came in one of two system configurations: string and central [3]. These use long and
high voltage DC cables to feed power from the PV array into the inverter and then into the utility grid.
These long cables increase power losses. Besides, these configurations mandate the use of single
maximum power point tracker (MPPT) for the entire PV system. Because of mismatch losses, the overall
system efficiency decreases [4]. Moreover, these configurations necessitate high-level power inverters
that minimize and restrict the flexibility of the system to expand.

Recent trends focus on the so-called integrated AC module in which the inverter is enclosed on the back
of the panel, whereby, the PV panel is delivered to the user as a complete system. Such a configuration
has many advantages. It eliminates DC cables and reduces maximum power point (MPP) mismatch
losses. Therefore, it increases the efficiency of the whole system and significantly reduces installation
cost.

Since the AC integrated module would be mounted on the back of the solar panel, the transformer that is
heavy, bulky, and hard to install should not be a requirement. However, when the transformer is omitted,
some drawbacks appear which are due to the galvanic connection between the PV system and the grid.
The galvanic isolation can be achieved either on the DC side using a high frequency DC-DC transformer
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or on the grid side using low frequency AC transformer. However, PV inverters that have an isolation
transformer on the grid side are big in size making the whole system bulky and hard to install.
Meanwhile, topologies that use high frequency transformer within the DC-DC converter have a reduced
overall efficiency due to the extra losses in the transformer [5-10]. In fact, the elimination of the
transformer would allow the increase of the efficiency by 1-2% [4, 11].

However, the transformerless inverter creates a common-mode resonant circuit including the filter, the
inverter, the impedance of the grid and the DC source ground parasitic capacitance as illustrated in
Figure 3. In this case, a common-mode current is generated and superimposed to the grid, hence
increasing its harmonics content [7, 12-16] and causing an electromagnetic interference (EMI) between
the PV system and the grid. In addition, the leakage current through the parasitic capacitance can reach
considerable levels affecting therefore the safety when a human touches the PV system.
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Figure 3. Ttransformerless PV system
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To eliminate these currents, topologies that do not generate variant common-mode voltage are necessary
for implementing transformerless PV inverters.

2. Common mode voltage description

The common-mode voltage of any circuit is the average of the voltages between the outputs and a
common reference. For the full-bridge inverter topology shown in Figure 4, the negative terminal of the
DC bus, point N, is used as common reference. Therefore, the common-mode voltage, V¢m, IS given as:

Vv +V
Vem _ZAN "VBN (1)

av
- _ cm
lem=1a+1g =Cpvg 4 2)

The differential mode output voltage, Vam, is the voltage between both outputs:
Vam=Van ~Ven =VaB )

Combining (1) and (3):

VAN =VdTm “Vem (4)

VBN = —VdTm +ch (5)
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Figure 4. Full-bridge inverter topology with common-mode current path

Based on Figure 4 and equations (1) to (5),two intermediate common-mode models of the full-bridge can
be illustrated as shown in Figure 5 and Figure 6, respectively.

G

Figure 5.Common-mode voltage model: Initial stage
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Figure 6. Common-mode voltage model: Intermediate stage

In addition to V., the common-mode voltage model includes two sources, V; and V,, which are due to
the asymmetries in the differential mode impedances. Therefore, it is possible to have common-mode
currents if any impedance asymmetry exists. If the inverter outputs are symmetric, the voltage V; is close
to zero, which results in neglecting its branch. However, even if the inverter outputs are not symmetric,
the influence of V, is expected to be much less than V; and V., due to the low values of Caq and Cagy.
Accordingly, the final common mode voltage model of Figure 7 is obtained.

This model includes two sources V¢, and V; and the total common-mode voltage Ve, is:

VTem=Vem tV1 (6)

V, is a function of the asymmetry in the values of inductors L; and L,. Two interesting cases arise. The
first is when L; and L are identical and equal to %L. The second case is when L;=L and L,=0. For these
two cases, V1 is equal to zero and Y%V, respectively. Therefore, the common-mode current I, is found
to depend only on V., and is equal to zero since V., does not vary with time.

3. Transformerless inverter topology

3.1 Half-bridge

The half-bridge inverter topology, shown in Figure 8 consists of two switches, an inductor L; (L,=0), and
an input capacitor divider where its mid-point is connected to the neutral terminal of the grid. This would
make the voltage across the parasitic capacitance constant [8, 17, 18].

In this topology, when the upper switch is ON, Vag=%Vpc. When the lower switch is ON, Vag=-%Vpc.
Hence, the total common-mode voltage of the half-bridge is:

-l

1 7
VTcm=ch +Vdm L2+Ll :VBN :EVIN = cte ( )

Accordingly, a constant common-mode voltage characterizes the half-bridge. Therefore, no leakage
current would appear. However, this topology requires a double DC voltage compared to the full-bridge
due to clamping the mid-point of the capacitor divider to the neutral terminal of the grid.
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Figure 7.Common-mode voltage model: Final stage
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Figure 8. Half-bridge transformerless inverter topology

3.2 Full-bridge

The full-bridge inverter topology of Figure 9 consists of four switches, two output inductors and an input
storage capacitor. In this case, L,=L, and the total common-mode voltage V., is ¥%2Vpc.

Conventionally, the full-bridge uses one of two control strategies. For the bipolar PWM control strategy,
one group of diagonal switches operates at switching frequency complementary to the other group of
switches. As a result, the inverter output voltage has only two levels which results in high current ripple
across the output inductors. The major drawback of the full-bridge with bipolar PWM is the high power
losses due to two factors. The first is the internal reactive power flow inside the inverter [17]. The second
is the double switching frequency required to obtain the same inductor current ripple frequency [12].

The second control strategy that may be applied to the full-bridge is the unipolar PWM. In such
modulation, the inverter output voltage has three levels, which decreases significantly the current ripple
across the inductors. With this modulation, the inverter has high efficiency due to the absence of the
internal reactive power flow. However, with this control strategy, the inverter generates high leakage
current level. That is why the full-bridge with unipolar PWM is not popular for transformerless PV
systems.

Accordingly, new topologies have to combine the advantages of the bipolar PWM (low leakage current
level) and those of the unipolar PWM (High efficiency, low current ripple and three level inverter output
voltages). This can be done by adding extra switches to the full-bridge topology. These extra switches
would disconnect the PV array from the grid during the freewheeling periods. The most developed
topologies are presented and discussed next.
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Figure 9. Full-bridge transformerless inverter topology
3.3H5

This topology, widely described in literature, is an alternative to the full-bridge and includes an extra-
switch at the DC side, as shown in Figure 10.
The extra switch is turned OFF at each freewheeling period, during both grid half waves, disconnecting
therefore the inverter from the DC source. Besides, with a special control strategy, only the upper
switches of the full-bridge form the freewheeling path. With such an implementation, the H5 guarantees
a small common-mode voltage variation resulting in a low leakage current level. The main drawback of
this topology is that any small mismatch or over delay in the switching process would lead to a high

leakage current level [18].
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Figure 10. H5 transformerless inverter topology
3.4 H6

This topology, also known as the UniTL topology, has been proposed by [19]. As shown in Figure 11,
this topology adds two extra switches compared to the full-bridge. The switching process of this

topology is shown in Table 1.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2012 International Energy & Environment Foundation. All rights reserved.



646 International Journal of Energy and Environment (IJEE), Volume 3, Issue 4, 2012, pp.639-650

L1

w

A
PV

Cie==
<A,

Figure 11. H6 transformerless inverter topology

!
e
[}
i
(.

L2

|
.||__(

| %6
N X
I—H—'

Table 1. modulation switching strategy of the H6 topology

Switch Positive half wave Negative half wave
S X OFF

S; OFF X

Ss OFF y

S, y OFF

Ss y X

Se X y

Ss is OFF during the high-side freewheeling period, when the current flows through S; and the
freewheeling diode of S;, and the common-mode voltage is kept equal to ¥2Vpc. Similarly, the common-
mode voltage is the same during the low-side freewheeling period when Sg is turned OFF.

3.5 HERIC

Still this topology is also based on the full-bridge and uses two extra switches at the AC side (AC
bypass). This bypass disconnects the inverter from the grid during each freewheeling period. As shown
in Figure 12, either Ss and the freewheeling diode of S or Sg and the freewheeling diode of Ss should be
used to form the freewheeling current path. As a result, the internal flow of reactive power is eliminated
which helps to increase the entire system efficiency and the occurrence of leakage current is reduced
since the common-mode voltage is maintained equal to ¥2Vpc.
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Figure 12. HERIC transformerless inverter topology
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4. Proposed topology

The proposed topology, shown in Figure 13, is made up of six switches and one Diode Bridge. With this
topology, the inverter is disconnected from the grid each freewheeling period using one switch and two
diodes. In fact, during the positive half wave, the freewheeling current finds its path through Ss, D, and
Ds. During the negative half wave, the freewheeling current flows through S, D; and D,. The control
strategy of the proposed topology is summarized in Table 2 where x and y are the PWM control signals.
For this topology, L; and L, are identical and the total common-mode voltage Vi, depends on V¢n. This
last is always kept equal to ¥2Vpc.

Based on Table 2, the control strategy applied to the proposed topology has been implemented and
compared to the simulation results. The experimental setup and the obtained gates signals are shown in
Figure 14 and Figure 15, respectively.
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Figure 13. Proposed transformerless inverter topology

Table 2. modulation switching strategy of the proposed topology

Switch Positive half wave  Negative half wave
S1 X OFF

S; OFF y

Ss OFF y

S4 X OFF

Ss X OFF

Se OFF y

With this control strategy, the common-mode voltage is kept constant leading to low leakage current
level as shown in Figure 16 (a, b,c).

The common-mode voltage variations (Figure 16. a) are very small and the leakage current in Figure
16.b is less than 20mA and it is within the German DIN VDE 0126-1-1Standard of 30mA [10].

For non-ideal components, the estimated efficiency of the proposed topology was 95.14%, which is
enough to consider the proposed topology as an attractive alternative for the full-bridge inverter.
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Figure 14. Experimental setup of the control strategy applied to the proposed transformerless inverter
topology
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Figure 16. Proposed topology: from top to down, common mode voltage (a), leakage current (b) and grid
current(c)
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5. Conclusion

Transformerless inverter topologies are being used to overcome the deficiencies of inverters with
transformers. The conventional full-bridge which is the basic transformerless topology uses either
unipolar or bipolar PWM. The unipolar PWM inverters are characterized by high efficiency. However,
they present high leakage current making the entire system unsafe. In the bipolar PWM inverters, the
leakage current is very low. However, these inverters suffer from low efficiency due to the double
switching losses. The new topology based on disconnecting the PV array from the grid has been
developed to combine the advantages of the unipolar and bipolar PWMs. In fact, simulation results show
low leakage current within the international Standards mentioned previously. The switching control has
been simulated, experimentally validated and applied to this topology. Accordingly, high conversion
efficiency low leakage current and small common-mode voltage variations have been demonstrated.
Therefore, the proposed topology can be considered as an alternative to the full-bridge based
transformerless inverters.

References

[1] Jeyraj Selvaraj, Nasrudin A. Rahim, “Multilevel Inverter For Grid-Connected PV System
Employing Digital Pl Controller”, IEEE Transactions On Industrial Electronics, Vol. 56, No. 1,
pp. 149-158 , 2009.

[2] Renewable Energy Policy Network for the 21st Century (REN21), “Renewable 2010 Global Status
Report”, Deutsche Gesellschaftfiir Technische Zusammenarbeit (GTZ) GmbH, pp. 19, 2010.

[3] J. Myrzik, M. Calais, "String and Module Integrated Inverters for Single Phase Grid Connected
Photovoltaic Systems”, IEEE Conference on Power Tech, Vol. 2, pp.8, 2003.

[4] Samuel Vasconcelos Araljo, Peter Zacharias, Benjamin Sahan, René P. Torrico Bascopé,
Fernando L. M. Antunes, "Analysis and Proposition of a PV Module Integrated Converter with
High Voltage Gain Capability in a Non-Isolated Topology"”, The 7th International Conference on
Power Electronics, Daegu, Korea, pp. 511-517, 2007.

[5] M. Calais, V. G. Agelidis, M. S. Dymond, "A Cascaded Inverter for Transformerless Single Phase
Grid-Connected Photovoltaic Systems™, 31st Annual IEEE PESC, Vol. 3, pp.1173-1178, 2001.

[6] M. Calais, J. Myrzik, T. Spooner, V. Agelidis, "Inverters for Single Phase Grid Connected
Photovoltaic Systems"”, the 33rd IEEE Conference on Power Electronics Specialists, Vol. 4,
pp.1995-2000, 2002.

[7] Oscar Lopez, Fransisco D. Freijedo, Alejandro G. Yepes, Pablo Fernandez-Comesana, Jano
Malvar, Remus Teodorescu, Jesus Doval-Gandoy, "Eliminating Ground Current in a
Transformerless Photovoltaic Application”, IEEE Transactions on Energy Conversion, Vol. 25,
No. 1, pp. 140-147, 2010.

[8] R. Gonzalez, E. Gubia, J. Lopez, and L. Marroyo, “Transformerless Single Phase Multilevel-
Based Photovoltaic Inverter”, IEEE Transactions on Industrial Electronics, Vol. 55, pp. 2694—
2702, 2008.

[9] R. Gonzalez, J. Lopez, P. Sanchis, and L. Marroyo, “Transformerless Inverter for Single-Phase
Photovoltaic Systems”, IEEE Transactions on Power Electronics, Vol. 22, pp. 693-697, 2007.

[10] T. Kerekes, R. Teodorescu, and U. Borup, “Transformerless Photovoltaic Inverters Connected to
the Grid”, Proceedings of the APEC, pp. 1733-1737, 2007.

[11] Tamaés Kerekes, Remus Teodorescu, Pedro Rodriguez, Gerardo Vazquez, Emiliano Aldabas, “A
New High-Efficiency Single-Phase Transformerless PV Inverter Topology”, IEEE Transactions on
Industrial Electronics, pp.1, June 2009.

[12] Roberto Gonzalez, Jesus Lopez, Pablo Sanchis, Eugenio Gubia, Alfredo Ursua and Luis Marroy,
“High-Efficiency Transformerless Single-phase Photovoltaic Inverter”, 12th IEEE Conference on
Power Electronics and Motion Control, pp.1895-1900, 2006.

[13] Lin Ma, Fen Tang, Fei Zhou, Xinmin Jin and Yibin Tong, "Leakage Current Analysis of a Single-
Phase Transformer-less PV Inverter Connected to the Grid", IEEE International Conference on
Sustainable Energy Technologies, pp.285-289, 2008.

[14] T. Kerekes, R. Teodorescu, M. Liserre, “Common Mode Voltage in case of Transformerless PV
Inverters Connected to the Grid”, IEEE International Symposium on Industrial Electronics, pp.
2390 — 2395, 2008.

[15] Fritz Schimpf and Lars E. Norum, “Grid Connected Converters for Photovoltaic, State of the Art,
Ideas for Improvement of Transformerless Inverters”, NORPIE, 2008.

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2012 International Energy & Environment Foundation. All rights reserved.



650 International Journal of Energy and Environment (IJEE), Volume 3, Issue 4, 2012, pp.639-650

[16] Armstrong, M.; Atkinson, D.J.; Johnson, C.M.; Abeyasekera, T.D.; "Low Order Harmonic
Cancellation in a Grid Connected Multiple Inverter System via Current Control Parameter
Randomization", IEEE Transactions on Power Electronics, VVol.20, No.4, pp.885-892, 2005.

[17] Samuel VVasconcelos Araujo, Peter Zacharias and Regine Mallwiz, “Highly Efficient Single-Phase
Transformerless Inverter for Grid-Connected Photovoltaic Systems”, IEEE Transactions on
Industrial Electronics, Vol. 57, No.9, pp. 3118-3128, 2010.

[18] G. Buticchi, G. Franceschini, E. Lorenzani, "Compensation Strategy of Actual Commutations for
PV Transformerless Grid-Connected Converters"”, XIX International Conference on Electrical
Machines, Rome, pp. 1-5, 2010.

[19] D. Barater, G. Buticchi, A. S. Crinto, G. Franceschini, E. Lorenzani, "A New Proposal for Ground
Leakage Current Reduction in Transformerless Grid-Connected Converters for Photovoltaic
Plants", Proceedings of IEEE IECON, Nov. 3-5, 2009, pp. 4567-4572.

Tarak Salmi was born in Kairouan (Tunisia). He received the B.S. degree from Tunis University of
Sciences in 2000 and the MS degree from Monastir University of Sciences in 2007. Currently, he is
working toward the Ph.D. degree in the electrical engineering department at the National Engineering
School of Sfax (ENIS). Tarak Salmi worked as quality control engineer at the Tunisian Telecom
Electronics company (TTE) for one year before joining the ministry of education (Tunisia) in 2001 and
the ministry of manpower (Oman) in 2008 where he worked as a power electronics instructor for three
years and at this time; he is HOD of the electronics department there. His special fields of interest
include VHDL-AMS modeling of power semiconductor devices based on silicon carbide (SiC), power
electronic systems and renewable energy systems especially photovoltaic ones.

E-mail address: tarak_sel@yahoo.fr

8 Mounir Bouzguenda received his B.S. degree in Electrical Engineering the Pennsylvania State
University, USA, in 1985. He also received his M.S. and Ph.D. degrees in Electrical Engineering from
gl \/irginia Polytechnic Institute and State University, USA in 1988 and 1992, respectively. Dr. Mounir
[ taught in Virginia, Maryland and Washington, DC and Tunisia. He also worked as a consultant with
Standard Technologies Institute, Maryland and the Temple Group, Washington DC and Computer
Engineering Services, Sfax-Tunisia. Dr. Mounir joined Sohar University, Oman in 2000 as a Senior
Lecturer and Sultan Qaboos University-Oman as an Associate Professor in 2009. Currently, he is
teaching in the Electrical and Computer Engineering. His research interests include renewable energy
systems, power systems and power electronics. He has authored and co-authored many technical papers
in these areas.
E-mail address: bouzguenda@squ.edu.om

Adel Gastli received the B.Sc. degree in Electrical Engineering from National School of Engineers of
Tunis, Tunisia in 1985. He worked two year in the standardization and certification of electric products
in Tunisia. He received the M.Sc. and Ph.D. degrees from Nagoya Institute of Technology, Japan in
1990 and 1993 respectively. He joined the R&D Department at Inazawa Works (elevators and
escalators) of Mitsubishi Electric Corporation in Japan from April 1993 to Aug. 1995. He joined Sultan
Qaboos University in Aug. 1995. He is currently a Professor of Electrical Engineering at Sultan Qaboos
University, Muscat, Oman. He has established, in 2003, the Renewable and Sustainable Energy
Research Group (RASERG) at Sultan Qaboos University and served as RASERG coordinator since
then. He has authored and co-authored more than 80 papers. His current research interests include
, electrical machines, power electronics, drives, as well as renewable energy.

E-mail address: gastli@squ.edu.om

Ahmed Masmoudi received his B.S. degree from Sfax Engineering School (SES), University of Sfax,
Tunisia, in 1984, the Ph.D. from Pierre and Marie Curie University, Paris, France, in 1994, and the
Research Management Ability degree from SES, in 2001, all in Electrical Engineering. In 1988, he
joined the Tunisian University where he held different positions involved in both education and
research activities. He is currently a Professor of Electric Power Engineering at SES. Ahmed Masmoudi
is the Manager of the Research Unit on Renewable Energies and Electric Vehicles. He is the Editor in
Chief of the Transactions on Systems, Signals and Devices (TSSD), issues on Power Electrical Systems,
published by Shaker-Verlag, Germany. He is the Program Committee Chairman of the International
Conference and Exhibition on Ecological Vehicles and Renewable Energies (EVER), held every year in
Monaco, since 2006. He is a senior member IEEE. Ahmed Masmoudi is the author and co-author of
more than 70 journal papers among which three are published in the IEEE Transactions on Magnetics.
He is the co-inventor of a US patent. His main interests are focused towards the design of new topologies of electrical machines
and the implementation of advanced, efficient and robust control strategies in electrical machine drives and generators, applied
in automotive as well as in renewable energy systems.

E-mail address: a.masmoudi@enis.rmu.tn

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2012 International Energy & Environment Foundation. All rights reserved.



