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1. INTRODUCTION

According to long-term national strategies traditional power generation resources are unsustainable.
Moreover, the electricity generation system is primarily reliant on fossil fuel combustion. Because those
resources are nonrenewable and are considered the principal cause of contamination, substantial research is
being performed to develop new alternative energy sources and upgrade renewable energy sources.
Renewable energy resources have been widely installed for grid interconnection in the recent decade [1]-[3].
In contrary to the remaining renewable energy sources, wind and photovoltaic (PV) are usually used as a
backup system to the major production resources [4]. A solar PV system is one of the most common solar-
powered renewable energy source. Photovoltaic panels rely on the sun's radiation to generate electricity.
There is enough sunlight during the day to keep the cells operating at maximum efficiency. However, energy
production drops dramatically in the evening. Although most power is being used during the day, it is also
needed at night. The energy utilisation counter can be inverted unless the photovoltaic panels are connected
to the power grid, forcing the need to store power generated during the day so that it can be used overnight or
on heavy rainy nights [5]. Despite these solar PV installation has exploded in recent years, and in some
countries, it now plays a critical role in electricity generation. Figure 1 shows power generation using
renewable energy resources worldwide over the last decade [6]. Figure 2 shows solar capacity in the top five
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countries in 2020 [7]. It can be observed that the cumulative generation of power using solar energy is
rapidly increasing compared to other renewable energies. Hence, integrating the solar power systems in
distributed power generation system plays an important role and hence the power converters required.
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Figure 1. Renewable energy consumption world wide
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Figure 2. Cumulative solar capacity (GW) [7]

The grid-tied inverter has a DC-DC converter, inverter and control system. The DC-DC converter
are used to boost the power received from the PV panel to the required level and to give stable output. It
requires a control algorithm to control the power switches used. The inverter receives a DC from the boost
converter and converts it into AC power that can be either used to run exiting loads or can be fed into the grid
to form a grid-connected inverter. The two functions that a grid-connected PV inverter system must fulfil are
the ability to track the maximum power point (MPPT) to collect the maximum power from solar PV and the
capacity to realise a voltage and current control technique for smooth power flow to the load and grid [8], [9].
As a result, the grid-tied inverter system keeps the DC link voltage constant and regulates the flow of active
and reactive power to the grid [10], [11]. Grid-connected PV systems range in size from a few hundred watts
to hundreds of megawatts. A stray or parasitic capacitance exists between the photovoltaic cell and earth
ground. Hence a leakage current flows between the grid and the photovoltaic cell when photovoltaic cells are
used to generate power in a distributed power generation system. As a result, isolation between the grid and
the photovoltaic cell must be provided to prevent the flow of this leakage current, which causes
electromagnetic interference and is also dangerous [12]. The stray capacitance varies up to 150 nF/kW
depending on the atmospheric conditions [13]. To prevent leakage current, a low-frequency transformer is
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used as an isolator. The line transformer makes the inverter bulkier, heavier, and more expensive. As a result,
in a grid-tied inverter, the line transformer is removed. This transformerless grid-tied inverter offers lower
cost, lighter weight, smaller volume, higher efficiency and less complexity compared to transformer-based
inverters. To reduce the leakage current, the removed transformer must be compensated with a suitable
galvanic isolation technique. Figure 3(a) show a conventional full-bridge inverter with four switches. When
used in transformerless grid-tied inverter it is necessary to provide isolation to avoid the problems related to
leakage current. The topologies built with galvanic isolation technique are primarily divided into two
categories based on leakage current reduction approaches. They are galvanic isolation with common-mode
voltage clamping and galvanic isolation without common-mode voltage clamping.

Grid-tied inverters like the H5 inverter [14] and its derivatives use the DC-bypass technique that
uses galvanic isolation without a common-mode voltage clamping approach; to prevent leakage current from
flowing between the grid and the photovoltaic cell. As shown in Figure 3(b), H5 is a full-bridge inverter with
four power switches S;—S4 and a switch Ss connecting the photovoltaic cell to the full-bridge to achieve DC-
Bypass. The gating signals are applied to power switches in such a way that switch Ss disconnects the
photovoltaic cell from the inverter and thus from the grid during the freewheeling mode. To reduce leakage
current, the highly efficient reliable inverter concept (Heric) and its derivatives use an AC-bypass technique
which also comes under galvanic isolation without a common-mode voltage clamping approach. Heric has a
full-bridge with four switches S1—S4 similar to the conventional full-bridge inverter. As mentioned in [15],
additional switches Ss and Sg are added at the inverter output. The freewheeling current flows through these
two switches in AC-bypass, preventing current from reaching the photovoltaic cell and thus disconnecting
the photovoltaic cell from the grid. This inverter is more efficient than the H5 inverter because there are no
additional switches in the active mode current path. The galvanic isolation with a common-mode voltage
clamping approach is used in [16]. In this method, switches are connected in such a way that during
freewheeling mode common-mode voltage is always equal to neutral point voltage. Hence the galvanic
isolation can be acquired either on the AC side or the DC side of full-bridge or by using neutral point
clamped topology by incorporating extra switches. Since a lower number of switches are present in the
conduction path AC bypassing offers high efficiency than the DC bypass technique. In the AC bypass
technique, high-frequency ripples may be present in the inverter due to the formation of a resonance circuit
between the junction capacitance and the filter components. On the other hand, the neutral point clamping
technique helps in keeping the common mode voltage constant that intern helps in keeping the leakage
current as less as possible, but it requires spilt capacitors that must be balanced to gain the advantage of this
approach.

Recently, much of the work has been focused on common ground technology. In common ground as
name indicates, the PV ground and the grid grounds are connected together. As the two grounds are
connected directly the common mode voltage becomes zero hence common mode leakage current as well.
The author has proposed an inverter topology named as Type-1, Type-1l and Type-Ill in [17]. Along with
zero leakage current the main advantage of these topologies are in Type-I only two switches are active in
power on mode while in Type-II only one switch. In Type-Ill author proposes a means of using a full bridge
inverter in common ground configuration. Further another common ground topology that uses switched
capacitor and virtual DC-link technique was presented in [18] with which it was possible to boost the voltage
to two times without any extra inductors. The same author has proposed another similar topology in [19]. The
difference in this topology is the number of devices used are lesser than used in the topology presented in
[18]. Hence the cost of the inverter is expected to reduce along with all aforementioned advantages. An eight
switch- five level inverter is proposed in [20] the advantage of the topology is that with only few number of
switches it was able to achieve five levels and also the maximum number of switches coming in conduction
path are limited to three. Hence this topology yields more efficiency. Due to the increase in levels the overall
stress on the power devices is decreased and the power quality is also improved. Similar to this another
multilevel inverter is proposed in [21] which carries the same benefits of eight switch five level inverter. A
five-level inverter that employs series parallel switching conversion along with common ground technique is
presented in [22]. Due to common grounding the leakage current is reduced and also it has reduced
harmonics. Another similar type of five-level inverter with series parallel switching conversion and common
ground technique is proposed in [23]. The main advantage of the inverter is, with only one stage it was able
to output five-levels and also enhanced the output voltage. Common ground is a leading technique in the
present year even though it has some limitations such as the requirement of large capacitor and the
requirement of controlling the flow of inrush current in to this large capacitor which may damage the entire
unit [24].

To take an advantage of all the isolation technique a hybrid topology which is a fusion of different
inverter topologies can be used [25]. They are expected to yield good performance compared to using a
single approach. Extensive work is already available in the literature that suggests the integration of neutral
point clamping with the AC decoupling technique [26]-[28]. However, there is little research on the
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integration of all DC bypass with neutral point clamping, which may result in greater performance. In this
paper, an effort is put in proposing one such hybrid technique for reducing the leakage current and the
performance of the inverter is analyzed at the end.

The remainder of this paper is organized as follows: Section 2 includes a discussion on the proposed
topology. Simulation results and comparison of the inverters are examined in section 3. Section 4 provides
concluding remarks and future scope for the proposed hybrid method.

2. PROPOSED TOPOLOGY

As mentioned earlier to take an advantage of different approaches of leakage current reduction
methods, a topology is proposed in this paper that includes a combination of DC bypassing and neutral point
clamping. Figure 3(a) shows a conventional full-bridge inverter consisting of four switches Si-Ss. In full
bridge, each switch is operated with its dedicated driver circuit for applying sin pulse width modulated signal.
The number of levels at the output of the inverter plays a significant role while designing a low pass filter for
removing switching frequency components at the output of an inverter. The filter inductor size and hence the
cost of filtering reduces with an increase in levels.

The conventional bipolar sine pulse width modulation (BSPWM) provides two levels, while
unipolar and hybrid techniques provide three levels at the output. Hence from the filter design point of view,
unipolar sine pulse width modulation (USPWM) and hybrid sine pulse width modulation (HSPWM)
techniques are suitable. Also, the efficiency of both USPWM and HSPWM is better compared to BSPWM.
The common-mode characteristics of the full-bridge inverter are always good in BSPWM mode, yet due to
the advantages offered by USPWM and HSPWM, it's better to select any one of these two control signals for
operating a full-bridge inverter. Among USPWM and HSPWM the latter gives good common mode
performance. Hence, in the proposed topology HSPWM technique is used to control the power switches. To
compare the results at every step, the full-bridge inverter is also simulated with the HSPWM technique.

Two diodes D, and D are connected back-to-back in full bridge inverter as shown in Figure 3(c) to
establish neutral point clamping. These diodes even though don’t provide isolation, helps in clamping the
output of the inverter to the neutral point during the freewheeling mode. For inclusion of DC bypass, a well-
known H5 topology is selected that has an extra switch Ss at PV positive side or negative side. As DC
bypassing at the negative side gives the best results in the proposed topology the switch is connected between
PV negative and full-bridge inverter with HSPWM is used as shown in Figure 3(b). The switch Ss is active
during inverter powering mode and is switched off during both negative and positive freewheeling mode. To
form a hybrid model H5 inverter is integrated with the neutral point clamping network as suggested in
Figure 3(c). Hence the complete circuit of the proposed Hybrid bypass topology is as shown in Figure 3(d).

In the structure of the topology, it can be noted that the diodes D; and D, make sure that the leakage
current doesn't reach PV ground and under the non-ideal condition where the junction capacitances of the
switches form a resonance along with the filter circuit the DC bypass switch keeps the PV module in
isolation from the inverter. Hence, most of the leakage current flows through diodes D1 or D, and finally
reaches the neutral clamped point which considerably reduces the overall leakage current in the inverter. The
same method can be applied for optimized H5 inverter presented in [29]. As shown in Figure 3(e). For better
performance an IGBT without body diode as switch S7 is used. The pwm signal applied to it is complement
of the power switch Ss. Another DC-bypass inverter known as H6 inverter proposed in [30] is considered to
check the feasibility of the proposed method. Figure 3(f) shows integration of H6 inverter with proposed
clamping network. The PWM pulse for switch Se is same as switch Ss. All the three proposed inverter
provides similar common mode and differential mode characteristics. But the resultant leakage current and
common mode voltage is considerably reduced compared to their basic version. Among all the three
inverters, number of power devices required are less in proposed H5-NPC. Hence only the topology H5-NPC
is considered for further analysis. The inverter operates in four modes as explained;

2.1. Mode-I

Mode-I is a positive powering mode in this positive current flow through the load/AC grid-
connected at the output of an inverter. The gating signals applied to the proposed inverter is as shown in
Figure 3(g). In this mode Si, Ss are operating at switching frequency while S is operated at grid frequency.
Both S; and Ss are turned OFF. The flow of current direction in mode-1 is as shown in Figure 4(a). The line
voltage Van is at Vpy and Ve is zero volts. The calculation of common-mode voltage Vcm and differential-
mode voltage Vag can be done using (1) and (2). Hence, for mode-1 Vcm and Vag are given by (3) and (4). It
can be observed that even after clamping the output to Vpey/2 the output voltage in Mode-1 is same as the
applied input voltage Vpy. While in conventional neutral point clamping the output voltage is half of the
input voltage that affects the overall performance of the inverter.
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Figure 3. Grid-tied inverter using: (a) full bridge, (b) H5, (c) H4-NPC, (d) H5-NPC, (e) oH5-NPC,
(f) H6-NPC, (g) HSPWM Pulses used for proposed topology

S

2.2. Mode-II

Mode-I1 is a positive freewheeling mode in which a positive freewheeling current flows. In this
mode S4 is ON while Sy, S, Ssand Ss are turned OFF. The flow of current direction in mode-I1 is as shown in
Figure 4(b). The line voltage Van is at Vev/2 and Ven is Vey/2 volts. Hence, for mode-Il Ve and Vag are
given by (5) and (6). The common-mode voltage in mode-11 is half of the input voltage.

_ _ _Vpy Vpy _
Vom =Vag = Vay —Vpy = > T, 0 )
Ypv Vpv
V.. — VAN*VEN _ 2 T3 _Vev 6
A == (6)
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2.3. Mode-11I
Mode-Ill is a negative powering mode in this, negative current flow through load/AC grid-

connected at the output of the inverter. In this mode Ss, Ss are operating at switching frequency while Sy is
operated at grid frequency. Both S; and S4 are turned OFF. The flow of current direction in mode-IIl is as
shown in Figure 4(c). The line voltage Van is at zero volts and Ve is -Vpy. Hence, for mode-I11 Ve and Vas

are given by (7) and (8).

Vom =Vag =Vay = Vgy =0 = Vpy = =Vpy (7
Van+V, 04V v
Vew = % — TPV - % (8)
2.4. Mode-1V

Mode-1V is a negative freewheeling mode, in this negative freewheeling current flows. The gating
signals applied to the proposed inverter is as shown in Figure 3(g). In this mode, S, is ON while Sy, Sz, Sa
and Ss are turned OFF. The flow of current direction in mode-1V is as shown in Figure 4(d). The line voltage
Van is at Vpy/2 and Ve is also Vey/2 volts. Hence, for mode-1V Vem and Vag are given by (9) and (10). The
common-mode voltage in mode-1V is half of the input voltage.

_ _ _Vey Vey _
Vom = Vap = Vay — Vpy = 5 2 0 )
Vev_ Vev
Vo = VantVen _ —3 T2 _ Vpy 10
oy = AN =2 2 = TV (10)

The overall operation of the inverter shows that the magnitude of the common-mode voltage in all the modes
is half of the input voltage.
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Figure 4. H5-NPC modes of operation: (a) Mode-1, (b) Mode-I11, (c) Mode-I11, (d) Mode-1V

3. SIMULATION MODEL RESULTS AND COMPARISON

To test and compare the results of the proposed hybrid bypass technique, all the circuits shown in
Figure 3 are simulated using MATLAB Simulink. The simulation parameters used for testing the proposed
topology are listed in Table 1. Second-order LCL filter with design techniques proposed in [31] is used to
calculate the values of filter components. Achievement of grid synchronization for having control on active
and reactive power is also essential to operate the inverter under grid optimal condition. The control system
of the inverter must also include an MPPT control algorithm for generating a pulse for the DC-DC converter
connected between the photovoltaic module and the inverter. In the presented work it is assumed that the DC-
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DC converter is controlled by the best MPPT algorithm and hence only the control algorithm required for
grid synchronization is modelled. A well-known DQ-frame based active and reactive power current
controller presented in [32] is used in the proposed inverter for generating the reference signal that is required
to generate the HSPWM signal. The block level implementation of DQ-frame based current controller is as
shown in Figure 5. The grid voltage, current and line & phase voltages of the proposed inverter are as shown
in Figures 6(a), and 6(b) respectively. The common-mode voltage and currents of full bridge, H5, H4-2D,
and H5-NPC inverter are as shown in Figures 7(a) to 7(d). In these figures, it can be observed that with
hybrid pulse width modulation, a single technique of galvanic isolation doesn't provide noticeable results.
When it is integrated with neutral point clamping, leakage current has significantly dropped to 9 mA RMS
and 88 mA P-P. Table 2 shows the comparison of the proposed inverters with literature concerning the
number of power devices used, leakage current and total harmonic distortion. The listed results are obtained
after simulating the referred topologies in the same model used to test the proposed topology. It can be noted
from the comparison that the proposed inverter uses minimum number of power devices and gives leakage
current within the acceptable limits of German DIN VDE 0126-1-1 i.e. 30 mA RMS [33], [34] and also has
the harmonic distortion content within the limit stated by IEEE Std 519-2014 [35]. It is observed that oH5-
NPC and H6-NPC inverter leakage current is lesser than its traditional versions and total harmonic distortion
is lesser than H5-NPC topology. Figures 7(e) and 7(f) shows voltage stress on the power devices.

Table 1. Simulation parameters

Parameters

Power rating Pi 1kw
Grid voltage Ve 230V
Grid Frequency fq 50 Hz
Switching frequency fow 20 kHz
PV Voltage Vpy 400 V
Split capacitor C, C, 560 pf
Filter inductors Ly, Loy Loy, L 4mH

Filter Capacitor Cs 1uf

Parasitic Capacitor Cpv1, Cpv2 0.1 pf
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Figure 5. DQ frame based current controller
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Figure 6. The grid voltage, current and line & phase voltages, (a) grid voltage, (b) grid current H5-NPC
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Figure 7. Common mode voltage and leakage current of (a) full bridge, (b) H4-NPC, (c) H5, (d) H5-NPC,
(e) and (f) voltage stress on power devices in H5-NPC
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Table 2. Comparison

Leakage Current

0,

Topology S D  Current THD (%) rms (MA) P-P (mA)
H5 [18] 5 - NA 15.3 282
oH5 [29] 6 - NA 145 281
H6 [30] 6 - NA 155 294
FBDC [36] 6 2 NA 75 50
Heric [19] 6 - NA 147 274
PNNPC [37] 8 - 1.6 8.19 68
H5-NPC 5 2 2 9 88
0H5-NPC 6 2 1.59 9.1 92
H6-NPC 6 2 1.62 9.1 94

4. CONCLUSION

In this paper, an effort is made to display the concept of a hybrid bypassing technique to improve
the performance of the inverter. Even though in literature there are many hybrid models available the efforts
made in using both DC bypass and neutral point clamping are lesser compared to integrating AC bypass and
neutral clamping. In this paper to support the concept proposed a new single-phase grid-tied inverters with a
hybrid bypass technique that integrates DC bypass and neutral point clamping is presented. The performance
of the proposed topology is compared with literature and it is found that the presented concept yields a
leakage current of about 9 mA RMS, total harmonic distortion of about 2%. As the number of devices used in
the inverter is considerably less compared to other topologies referred to, the proposed inverter is expected to
exhibit good efficiency. The leakage current and common-mode voltage of the inverter has high-frequency
ripples in the proposed inverter. Hence improvement in terms of removing these high-frequency ripples can
be carried out in the near future. A pulse width modulation technique can be revamped to see if these
inverters can be operated at twice the switching frequency.
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