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Abstract

Objectives: The transformerless inverters are more efficient, less bulky and
cost-effective. But the system faces the problem of leakage current on account
of the elimination of isolation transformers. Thus, the problem needs to be
mitigated through the inverter topology itself. The objective of this paper is to
study and analyze a topology designed for reducing the leakage current. The H5
inverter significantly reduces the leakage current by checking the variation of
common mode voltages. The topology uses only one extra switch apart from
the conventional full bridge and is simple to design. Method: To reduce the
leakage current H5 inverter topology has been designed which works on the
basis of decoupling. This work is to be implemented in MATLAB/SIMULINK. The
main parameters for analysis are efficiency, leakage current, common mode
voltage and their variation with load. H4 and H5 topology will be simulated
and results will be compared. Findings: The H5 topology has been found to be
effective in suppressing the leakage current to a fairly acceptable magnitude. It
has been observed that the H5 topology has a lower leakage current than the
conventional H4 topology, i.e. 23mA as opposed to 402mA in H4 topology. But
the leakage current increases to up to 5 times if the system is used at load less
than the full load. Novelty: The study presents the H5 inverter topology and its
SPWM modulation strategy. In order to verify the topology, simulation results
are provided. The performance has been tested for different loads connected
to grid. The leakage current has been found to be reduced to 23.37 mA but it
rises to about 100mA if used at 10% of the full load.

Keywords: PV Inverters; H5 Inverters; Leakage Current (Common Mode
Current); Common-Mode Voltages; Transformerless Power Converters
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1 Introduction

With the advancement of research in technology, the solar energy extracted through photovoltaic systems has the capability to
meet a significant portion of the total energy demands in future ). While the research continues to increase the capability, the
problems arising while implementation must also be solved for reliable and efficient operation of the system. The requirements
of a grid-connected system are more stringent as compared to standalone system. One of the issues that need to be solved is
of the leakage current that exists due to parasitic capacitance of the PV panel. This can be solved by galvanic isolation using
isolation transformers. But for bulkiness, cost and efficiency issues elimination of transformers is sought. Then the mitigation
of leakage current must be taken up by the inverters>?.

Several methods have been tried and topologies have been developed since over a decade to suppress the leakage currents.
The H5 topology is one such effective topology developed earlier. It is superior and preferred over other topologies such as
NPC and Karschny topologies for its simplicity, low cost, and good efficiency. The topology has been tried and tested over
times but gap remains regarding its effectiveness at different loads. As it is common knowledge that the load connected to grid
continuously changes. The PV system when it supplies the power to grid will face different load conditions. This study aims to
observe the effect of changing load.

A detailed study of H5 topology is presented in this paper, and the simulation results are compared with conventional
H4 inverter topology “~®). The topology has been simulated in MATLAB/Simulink. The load has been varied in steps and
corresponding readings have been recorded. This data is helpful to analyze the performance of the grid-connected system as
the load on the grid changes rapidly.

2 Methodology
2.1 H4 inverter topology

Typically, transformerless PV inverters with single-phase full bridge (H4) modulation strategies are unipolar, bipolar, or hybrid.
There are number of factors that affect the efficiency, leakage current, and common-mode voltage characteristics depending on
the modulation scheme.

A H4 topology contains four active switches (S1-S4) and four anti-parallel body diodes (D1-D4). The core losses are reduced
when using unipolar or hybrid modulation, which produce three levels of voltages (+Viy, 0, -Viy, 0) across the filter. Because
of their high-frequency common-mode voltages, they generate high leakage currents”. As a result of bipolar modulation,
two levels of voltage are generated (+Vy, -V;,) resulting in higher core losses. Furthermore, it generates a constant common-
mode voltage, which reduces leakage current. Leakage current problems can be solved using SPWM (sinusoidal pulse width
modulation). Inverters with bipolar SPWM are less efficient than those with unipolar SPWM because of switching loss and core
loss®.

Table 1. H4 PV-inverter switching state (unipolar)

Switches V out
S1 S2 S3 S4 D1 D3

On oft off On Ooff off Vin
On off off Ooff Ooff on 0
off on on off off off -Vin
off off on off On off 0

Table 1 llustrates the unipolar modulation switching pattern for the H4 inverter. In Table 2 illustrates the hybrid modulation
switching pattern for the H4 inverter. Therefore, several topologies have been developed that make use of unipolar modulation
to produce high-efficiency inverters and low-leakage current inverters. An inverter without a transformer has been developed
using unipolar PWM control to reduce ground leakage currents. H4 inverter topology is shown in Figure 112,
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Table 2. H4 PV-inverter (hybrid modulation) switching state

Switches V out
S1 S2 S3 S4 D1 D3

On off Off On Off Ooff Vin
On off Ooff Ooff Ooff On 0

off On On Ooff off off -Vin
oft off On off On off 0

4 82 :fi Jf
L

Fig 1. H4 inverter topology
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2.2 H5 inverter topology

A transformerless H5 inverter contains five active switches (S1-S5). PV panels are connected to conventional H-bridge inverters
by the fifth switch. Both the switch and the utility grid operate at the same frequency. The H5 topology is illustrated in Figure 2
with the SPWM switching strategy !>'%). Accordingly, switches are commutated at high frequency or grid frequency depending
upon the grid voltage polarity. During a positive grid voltage, S1 will always be ON, while S4 and S5 will switch at a high
frequency to produce a unipolar voltage. A freewheeling path is created by switching S3 complementary to switch S4. During a
negative grid voltage, S3 stays on, S2 and S5 commutate at high frequencies, and S1 commutates complementary to S2 to form
a freewheeling path 15-1),

o 1
4 {m {,{=s 5

Fig 2. H5 inverter topology

There are four modes of operation for the H5 inverter. Active state mode is the first mode, and current flows from the PV
panel to the grid through S5, S3, and S2. The second mode is referred to as zero state mode since no energy is transferred from
PV to the grid. In this mode, PV panels are disconnected from the grid as the grid current freewheels through S3 and D1. There
is a third active state mode as well. PV current flows through S5, S1, and S4 from the grid to the PV unit. PV panels on the grid
are disconnected in the fourth mode of operation, also called the zero-state mode, as a result of freewheeling from S1 and D3.
Using S5, PV arrays are disconnected from the grid in zero states, which eliminates leakage current paths. This reduces system
leakage current to a great extent. A transformerless H5 inverter is illustrated in Figure 2. An illustration of the H5 inverter’s
switching pattern is shown in Table 3 (1719,

3 Results and Discussion

A simulation of the H5 inverter is being conducted using MATLAB/Simulink. As shown in Figures 4 and 5, simulation results
for an H4 inverter with unipolar modulation and hybrid modulation are shown. The H5 inverter simulation result is shown in
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Table 3. PV-inverter H5 switching state

Switches V out
S1 S2 S3 S4 S5 D1 D3

On off off on on off off Vin
On off off off off off on 0
off on on off on off off -Vin
off oft on oft oft on oft 0

Figure 6. In accordance with the simulation results, with unipolar modulation, the leakage current of the H4 inverter is 0.4015
A, while with hybrid modulation, it is 0.4472 A. Leakage current measure for H5 topology is 0.02337A. All simulations are

based on the parameters listed in Table 4.

Fig 3. Control signals of H5 inverter switches

Table 4. Parameters used for simulations

DC input voltage 400V DC

Vy - Grid Voltage 1 Ph 230 V (RMS), 50 Hz
Grid frequency 50 Hz

Rated Power 2kW

Switching Frequency 10kHz

DC-Link capacitors 2200 micro farad
Inductors(Filter) 3 mili Henri

Capacitor (Filter) 6 nano farad

Stray capacitor 300 nano farad

Ground Impedance 11Q

mmmmmmmmmmm

mmmmmmmmmm

Fig 4. H4 inverter topology result with unipolar modulation in MATLAB/Simulink

The leakage current value for full load of 2kW has been observed to be 23.37 mA. Khan et. al. in 1®) state the value of leakage
current in H5 topology to be in the range of 100 to 200 mA. The improved value can be accounted for by using higher switching
frequency and using the system at full load.
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Fig 5. H4 (hybrid modulation) MATLAB/Simulink results
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Fig 6. MATLAB/Simulink Result of H5 inverter topology

The efficiency was found to be over 95% which is in line with what is stated in *'%2%)_ This is the maximum efficiency when
all the components are considered to be ideal. In practice the system can work at over 80% efficiency. The THD was found to
be 5.9% which is an acceptable value and in agreement with standards and near to that attained by Siddiqui et al in .

The earlier studies conducted seem to neglect the effect of constantly changing load connected to grid and they measured
the value of leakage current for some fixed load only. The grid-connected PV system would be subjected to large changes in
differential mode current and hence in the common-mode current as well. This study analyzes the effect of changing load on
the leakage current value. The Figure 7 records the change in leakage current value from the minimum load of 200W to the full
load possible for the given panel, i.e. 2kW. The variation has been plotted in Figure 8 .

The above data shows that although the H5 topology reduces the leakage current but it is most effective when used at full
load. The solution to this issue is to meet the maximum possible demand through PV system and the rest through conventional
resources. This would also allow for better utilization of distributed and renewable energy resources.

Load (W) Leakage Current (mA)

200 75.74
400 55.31
600 43.4
800 36.65
1000 32.45
1200 29.6
1400 27.46
1600 26.24
1800 24.41
2000 23.37

Fig 7. Variation of Leakage Current with Load
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Fig 8. Variation of Leakage Current with Load

4 Conclusion

In this study, the H5 inverter topology has been designed to reduce leakage current. The study presents the H5 inverter topology
and its SPWM modulation strategy and the simulation results are compared with conventional H4 inverter topology and with
the results of other studies conducted on H5 topology.

It has been observed that the H5 topology has a lower leakage current than the conventional H4 topology. Simulation
results are provided for verification of the topology. The achieved value is very low and acceptable according to all international
standards and grid compliance codes. The further suppression of leakage current is attributed to higher switching frequency
and full utilization of PV source capacity.

It was observed through this study that while the leakage current is reduced to an acceptable value of 23.37mA, using it at
lower power level would again increase it to higher levels of upto 100mA which may be unacceptable for some grid compliance
requirements.

Achieving low leakage current along with low THD is a challenge. Further studies may concentrate on using different
frequencies to achieve better efficiency and lower THD. Also, apart from unipolar or hybrid PWM, special PWM techniques
must also be applied to find out the most effective one.
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