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Abstract 
Objectives: To make a comparative analysis of four transformerless topologies namely H5, H6, oH5 and H-Bridge Zero 
Voltage State Rectifier (HBZVR) in terms of leakage current and THD. Methods/Statistical Analysis: H5, H6, oH5 and 
HBZVR topologies have been simulated. Then these topologies are compared in terms of leakage current and THD. Based 
on the comparative analysis, the topology with less leakage current and THD has been chosen for photovoltaic interface. 
The interfacing circuit is simulated and realized as prototype to validate the results practically. Findings: It is found 
from the review that HBZVR topology has less leakage current and THD. This topology employs both galvanic isolation 
and Common Mode Voltage (CMV) clamping. It is found that the common mode voltage in HBZVR is almost eliminated.  
The conclusion derived from this paper may be helpful in selecting proper topology for PV interface. Application/
Improvements: Generally, in grid connected PV inverters, transformers provide galvanic isolation between the two  
electrical circuits, thus preventing the flow of leakage current between the stray capacitance of PV and ground. But,  
ransformers reduce the overall efficiency of the system, which lead to the development of transformerless PV system. 
Galvanic connection exists between the PV and grid in transformerless inverter, which leads to the presence of leakage  
current. So, to reduce leakage current, many topologies are introduced which employs either dc-decoupling or  
ac-decoupling to provide galvanic isolation. The HBZVR topology provides proper isolation for PV interface where the  
capacitance of the panel with respect to ground is large. 
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1.  Introduction
Today non-renewable energy resources are becoming 
more and scarcer and it leads to use of renewable energy 
resources as an alternative for energy production. Among 
the renewable energy sources Photovoltaic (PV) source is 
more attractive due to its abundant and free availability, 
long life of PV system and less maintenance. The main 
drawback of grid connected PV system is its high cost for 
initial investment and generation compared. To get back 
the money invested in a shorter time, the efficiency of 
the system, mainly the efficiency of the inverter must be 
improved1,2. So that after some time, the system runs with 

little maintenance, which means the energy is produced at 
almost free of cost.

The grid connected PV inverters can be of two types; 
one with transformer and other without transformer3,4. 
The efficiency of the overall system can be improved and 
the cost can be reduced in transformer-less inverters. When 
transformers are removed, there will be no galvanic isola-
tion between the PV and the grid which leads to leakage 
current flow between the ground and stray capacitance of 
PV and the grid5,6. The presence of leakage current causes 
high losses and also sometimes shock when people touch 
the panels. The galvanic isolation in transformer-less topol-
ogy can be provided by either dc- decoupling or 
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ac-decoupling. It is noted that the ac-decoupling provides 
low loss compared to dc-decoupling because of less num-
ber of switches in the conduction path. The leakage current 
in transformer-less topologies is also due to improper 
clamping of Common Mode Voltage (CMV). So, to fully 
remove the leakage current, galvanic isolation must be pro-
vided and CMV should be clamped properly. The block 
diagram of the overall system is shown in Figure 1.

The transformer-less topologies like H5, H6 offers 
galvanic isolation by commissioning dc-decoupling or 
ac-decoupling to disconnect the PV and the grid. But, 
the common mode voltage is not maintained constant in 
these topologies. Hence the leakage current will not be 
completely eliminated in these topologies. Therefore, in 
topologies like oH5 and HBZVR (H-Bridge Zero Voltage 
state Rectifier), the CMV is clamped and the leakage cur-
rent is completely eliminated7,8. 

In this paper, the above four transformer-less topolo-
gies namely H5, H6, oH5 and HBZVR are analyzed in 
terms of leakage current and Total Harmonic Distortion 
(THD). The comparative analysis is presented.

The forthcoming sections discuss the mathematical 
modelling of photovoltaic (PV) panel, condition for elim-
inating leakage current, operational principles of different 
transformer-less topology like H5, H6, oH5 and HBZVR 
and illustration of simulation and experimental results. 

2. � Mathematical Modelling of 
Photovoltaic (PV) Panel

A number of PV panels are connected in series/parallel 
depending upon the voltage and current requirements 
respectively. Figure 2 shows the equivalent circuit of PV 
source. The mathematical modelling of photovoltaic panel 
is carried out at standard test conditions of insolation of 
1000 W/m2 and temperature of 25ºC with VOC = 21.24 V 

and ISC = 2.55 A, where VOC is the open circuit voltage and 
ISC is the short circuit current9,10. Six panels are connected 
in series to obtain input voltage of 110 V for the inverter 
and the characteristic of the 6×1 array is shown in Figure 3.

3. � Condition for Eliminating 
Leakage Current

In transformer-less inverters, there is a galvanic connec-
tion between the PV and the grid, which forms a common 
mode resonant circuit11,12 as shown in Figure 4, where CPV 
is the stray or parasitic capacitance, L1 and L2 are the filter 
inductors, IL is the leakage current and VECM is the equiva-
lent common mode voltage. 

Figure 1.  Block diagram of the entire system.

Figure 3.  Characteristics of 6 × 1 PV array.

Figure 4.  Resonant circuit model.

Figure 2.  Electrical equivalent circuit of PV.
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The equivalent common mode voltage is given by 
equation (1).
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where, VCM is the common mode voltage and VDM is 
the differential mode voltage. The common mode volt-
age VCM and differential mode voltage VDM is given by the 
equation (2) and equation (3) respectively.

VCM =
+V VAN BN

2 � (2) 

VDM = = −V V VAB AN BN � (3) 

where, VAN and VBN are the inverter output voltages 
between the midpoint and neutral terminal. The con-
dition for eliminating leakage current is to maintain 
the equivalent common mode voltage constant13–15. On 
substituting equation (2) and (3) in equation (1), the 
equivalent common mode voltage is given by equation 
(4) as follows,
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In full bridge inverter topologies like H5, H6, oH5 and 
HBZVR topology, the filter inductors are taken same val-
ues (L1 = L2 = Lf). The condition for eliminating leakage 
current in full bridge inverter is given by equation (5). It is 
noted that the common mode voltage must be kept con-
stant to eliminate leakage current.

VECM = =
+

=V V V
CM

AN BN cons t
2

tan � (5) 

4. � Operational Principles of 
Transformer-less Inverter 
Topologies – A View

4.1  H5 Topology
The H5 topology consists of an extra switch S5 connected on 
the dc side of the H-bridge inverter structure as shown in 
Figure 5. This switch S5 provides galvanic isolation by intro-
ducing dc decoupling to disconnect the PV and the grid. 
But, the common mode voltage is not clamped in this topol-
ogy16. The switching sequence is shown in Figure 6. The 
output voltage has three levels as +Vdc, 0 and –Vdc. Switches 

S4 and S5 commutate at switching frequency during the  
positive half cycle. Switches S4 and S5 are turned-off and the 
freewheeling current flows through S1 and the anti-parallel 
diode of S3 during the zero voltage vectors. Switches S2 and 
S5 are commutates at switching frequency and the free-
wheeling current flows through S3 and the antiparallel diode 
of S1 during the negative half cycle.

4.2  H6 Topology
The H6 topology consists of two extra switches S5 and S6 
connected symmetrically on the dc side of the H-bridge 
inverter structure as shown in Figure 7. The extra switches 
provide galvanic isolation by introducing dc decoupling 
to disconnect the PV and the grid17,18. Three level output 
voltages can be achieved by employing SPWM techniques 
and the switching sequence is shown in Figure 8. Switches 
S4 and S5 commutate at switching frequency and switches 
S1 and S6 are always ON during the positive half cycle. 
Switches S4 and S5 are turned OFF and the freewheeling 

Figure 6.  Switching sequence of H5 topology.

Figure 7.  H6 topology converter structure.

Figure 5.  H5 topology converter structure.
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current flows through S1 and the anti-parallel diode of S3 

during the zero voltage vectors. Switches S3 and S6 com-
mutate at switching frequency and switches S2 and S5 are 
always ON during the negative half cycle. Switches S3 and 
S6 are turned OFF and the freewheeling current flows 
through S2 and the antiparallel diode of S4.

4.3  oH5 Topology
oH5 topology is similar to H5 topology with an extra 
switch S6 connected across the switch S5 as shown in 
Figure 9 and the switching sequence is shown in  
Figure 10. Unlike H5 topology, the CMV is clamped in 
this topology by turning ON switch S6 during freewheel-
ing mode. But the input side dc-link capacitor  
C1 is short circuited when switch S5 and S6 are turned ON. 
To overcome this problem, a small dead time should be 
provided between switching of switches S5 and S6 

19,20.

4.4  HBZVR Topology
In this topology switch S5 and anti-parallel diodes D1 to D4 
provides galvanic isolation to disconnect the PV and grid 
by employing ac decoupling and diodes D5 and D6 form 
the clamping branches as shown in Figure 11 to maintain 
the common mode voltage constant21–24. The switching 
pulse pattern for HBZVR topology is shown in Figure 12. 
Switches S1 and S4 are in ON state while all other switches 
are in OFF state during the positive half cycle. Switch S5 is 
ON while all other switches are OFF and the current free-
wheels through diodes D1 to D4 during the zero voltage 
vectors. Switches S2 and S3 are in ON state while all other 
switches are in OFF state during the negative half cycle.

5.  Simulation Results

5.1  Leakage Current Analysis
The transformer-less inverter topologies like H5, H6, oH5 
and HBZVR topology discussed above are simulated using 
MatLab simulation software for input voltage of 110Vdc, 
dc-link capacitor of 2200 µF, filter inductor of 3 mH, filter 
capacitor of 10 µF, switching frequency of 4 kHz and resis-
tive load of 30 Ω. The waveforms of inverter voltage before 
filter (VBF), inverter voltage after filter (VAF), load current 
(ILOAD), common mode voltage (VCM) and leakage current 
(IL) for H5, H6, oH5 and HBZVR topology is shown in 
Figures 13(a), 13(b), 13(c) and 13(d) respectively.

Figure 9.  oH5 topology converter structure.

Figure 10.  Switching sequence of oH5 topology.

Figure 8.  Switching sequence of H6 topology.

Figure 11.  HBZVR topology converter structure.

Figure 12.  Switching sequence of HBZVR topology.
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From the waveforms, it is inferred that the leakage 
current is high for H5 topology compared to all other 
topologies. This is because the CMV is not properly 
clamped in this topology. The leakage current of oH5 
topology is less than H5 and H6 topology because CMV 
clamping is provided in this topology. But, as there is a 
small dead time between the switches S5 and S6 to avoid 
short circuiting, the leakage current is not completely 
eliminated in this topology. Hence from the waveforms, 
it is clear that the leakage current of HBZVR topology 
which employs both galvanic isolation technique and 
CMV clamping is less compared to all other topologies.

5.2 � Total Harmonic Distortion (THD) 
Analysis

The Total Harmonic Distortion (THD) of load cur-
rent for different transformer-less topology is shown in 
Table 1; from which it is inferred that the THD (%) for 

HBZVR topology is very less compared to all the other 
topologies. This is because of ac-decoupling used in 
HBZVR topology to provide galvanic isolation unlike  
dc-decoupling used in other three topologies.

Table 1. THD comparison for different transformer-
less topologies

Topology
Total Harmonic 
Distortion (%)

H5 topology of transformer-less 
inverter 4.89

H6 topology of transformer-less 
inverter 4.79

oH5 topology of transformer-less 
inverter 4.67

HBZVR topology of transformer-less 
inverter 1.70

Figure 13.  oH5 topology converter structure. Waveforms of inverter voltage before filter (VBF), inverter voltage after filter 
(VAF), load current (ILOAD), common mode voltage (VCM) and leakage current (IL) for (a) H5 topology, (b) H6 topology, (c) oH5 
topology, (d) HBZVR topology.

	 (c)	 (d)

	 (a)	 (b)
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The THD (%) of load current for HBZVR topology 
for different modulation index at switching frequency 
of 4 kHZ is shown in Table 2, from which it is inferred 
that as the modulation index is decreased, the THD (%) 
increases. The THD (%) is less for unity modulation 
index. But, it is not practically possible.

Table 2. THD analysis for different modulation index 
at switching frequency = 4 kHz

Modulation Index Total Harmonic Distortion (%)

1 1.70

0.9 1.95

0.8 2.20

0.7 2.88

0.6 3.16

The THD (%) of load current for HBZVR topology 
for different switching frequency at unity modulation 
index is shown in Table 3, from which it is inferred 
that as the switching frequency is increased, the THD 
(%) decreases. A nominal selection of switching  
frequency and duty cycle is important to get reduced 
THD.

Table 3. THD analysis for different switching 
frequency at modulation index = 1

Switching Frequency Total Harmonic Distortion (%)
3 2.35 
4 1.70 
5 1.41 

6.  Experimental Results
6.1 � Practical Characterization of (6 × 1) PV 

Array 
To obtain the input voltage of 110Vdc for the inverter, 
six panels are connected in series and the character-
ization is done by connecting a rheostat as the load.  
The V-I and V-P characteristics of PV are shown  
Figure 14 (a) and 14 (b). The readings are taken for 
three different environmental conditions. The dotted 
line in the Figure. 14 (a) and 14 (b) represents the graph 
obtained for the practical values and the continuous 
line represents the graph obtained after using proper 
curve fitting. 

6.2  Prototype of HBZVR Topology
The prototype of HBZVR transformer-less topology is 
developed, as this topology is found to be the best in terms 
of both leakages current and THD (%) among all the other 
three topologies discussed. Figure 15 shows the experi-
mental setup for generation of switching pulse for HBZVR 
topology using FPGA processor. The driver circuit is devel-
oped using IC MCT2E for protection. The switching pattern 
generated for HBZVR topology is shown in Figure 16.

Figure 14.  Characterization of PV (a) V-I characteristics, 
(b) V-P characteristics.

	 (a)

	 (b)

Figure 15.  Experimental setup for generation of 
switching pulse.
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The experimental setup for HBZVR topology is 
shown in Figure 17 and the results of HBZVR topology 
including inverter voltage before filter, inverter voltage 
after filter and load current is shown in Figure 18 and the 
leakage current is shown in Figure 19. A step down trans-
former is used to convert 230Vac to 55Vac, which is then 
rectified using diode bridge rectifier and is given as input 
for the inverter.

The leakage current is measured as 629.9 mA for 
HBZVR topology. 

7.  Conclusions
In this paper, a comparative analysis of different trans-
former-less topology like H5, H6, oH5 and HBZVR 
topology is made in terms of leakage current and THD 
(%). The leakage current mainly depends on Common 
Mode Voltage (CMV) and the condition to eliminate 
leakage current is to maintain CMV constant. The CMV 
in HBZVR topology is nearly constant and so the leakage 
current is almost eliminated. Also, since ac-decoupling 
is used in HBZVR topology, the THD (%) is less in this 
topology comparatively. So considering both leakage cur-
rent and THD (%), HBZVR topology is found to be the 
best. The prototype of HBZVR topology is also developed 
and the experimental results are validated.
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