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ABSTRACT-Recently, transformerless inverters are becoming more attractive for grid-tied photovoltaic (PV)
system because of high efficiency and low cost. Unfortunately, leakage current may flow through the whole
grid-tied PV system due to fluctuating common mode (CM) voltage that depends on the topology structure and
control strategy. Therefore, to meet the safety regulations, leakage current of transformerless PV inverter has to
be addressed carefully. In this paper, a new microcontroller based transformerless topology with low leakage
current is proposed for grid-tied PV system. A 16-bit dSPIC microcontroller is implemented to control the
proposed topology. The proposed circuit structure and detail operation principle are presented in this paper.
One additional switch with conventional full-bridge inverter and a diode clamping branch ensure the
disconnection of PV module from the grid at the freewheeling mode and clamp the short-circuited output
voltage to the half of DC input voltage. Therefore, the CM leakage current is minimized considerably.
Meanwhile, MOSFET switches have been used in the proposed inverter to improve the efficiency at light-load
condition. Finally, a prototype has been developed to verify the theoretical analysis and the experimental results
show that the performance of the proposed inverter is as expected. It is found that the maximum efficiency and
European efficiency of the proposed inverter is 98% and 97.52%, respectively.

Keywords-Common mode voltage; Converter; Grid connected; Leakage current; Photovoltaic; Transformer
less.

I.  Introduction

Transformerless grid-tied inverter has many advantages such as high efficiency, low cost, smaller size,
and weight. However, there is a galvanic connection between the power grid and the PV module due to the
omission of transformer. As a result, a resonant circuit can be formed and a high frequency voltage fluctuation
between the solar array and the ground that depends on the topology structure and control strategy, can electrify
this resonant circuit. Thus a leakage current ijcaage May induce due to the fluctuating CM voltage across the
parasitic capacitor, flowing through the loop involving the inverter bridge, output filter, parasitic capacitors
(Cov1 and Cyy,), and the power grid [1-3]. Consequently, the grid current harmonics and total system losses are
increased. A person, who touch the PV array and connected to the ground, may be conducted by the capacitive
current. In the meantime, conducted and radiated interference will be brought in by the ground current [1, 4].
The instantaneous CM voltage and leakage current in the conventional full-bridge inverter shown in Figure 1 is
defined as follows [5]:

Vo= l(v +V ) @
cM 2\ AN BN

) dv

icy = Cpy 7dctM )

where Vay and Vgy are the voltages from mid-point A and B of the bridge leg to the reference terminal N. From
the above analysis, it is clear that the CM voltage must be kept constant during the whole operation period to
reduce the leakage current and many solutions have been proposed as follows [5-20]:
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Figure 1: leakage current and parasitic capacitance in transformerless grid connected PV system

(1) Bipolar sinusoidal pulse width modulated (SPWM) full-bridge inverter: Bipolar SPWM modulation can
be used to address the problem of leakage current in the conventional full-bridge inverter. This inverter can keep
the CM voltage constant during the whole grid period. The main drawback of this inverter is the two-level
output voltage. Consequently, the current ripples across the filter inductors are increased, results large inductor
size, high losses and low efficiency. As well, it is difficult to maintain a good synchronization among the gate
pulses of the power switches [2].

(2) Unipolar sinusoidal pulse width modulated full-bridge inverter: Unipolar SPWM is the most popular
modulation implemented in full-bridge topology, because it shows a lot of benefits in comparison to bipolar
SPWM such as lower current ripple at high frequency, better efficiency, lower electromagnetic interferences
emission, etc. However, when unipolar SPWM is employed to the conventional full-bridge inverter; in active
mode, the CM voltage V¢ is equal to 0.5V, but in the freewheeling mode V¢ is equal to V,, or 0 depending
on the bridge-leg mid-points (point A and B in Fig. 1) coupled to the positive or negative terminal of the DC
input. Therefore, the CM voltage of conventional full-bridge inverter fluctuates with high frequency which leads
to high leakage current [2, 21, 22].
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Figure 2: Some existing transformerless topologies for grid-tied PV inverter (a) H6 topology proposed in [5] (b) HERIC topology proposed
in [16] (c) HB-ZVR topology proposed in [14] (d) H6 type topology proposed in [13].

In order to solve the problem of leakage current, the PV module should be separated from the grid
during the freewheeling period and a lot of depth researches have been conducted from different countries. Most
of the topology proposed in the literature is based on the structure of the freewheeling path, where a new
freewheeling path has been created [5-18].

In this paper, a new structure of transformerless inverter for grid-tied PV system is proposed by adding
an extra switch and a diode clamping branch with the conventional full-bridge inverter. The proposed inverter
ensures the decoupling of PV module from the grid during the freewheeling period and the clamping of
freewheeling voltage to the half of DC input voltage. As a result, the CM mode voltage is kept constant during
the whole operation period and the induced leakage current is minimized to zero. In addition, unipolar SPWM
can be employed to the proposed topology with three-level output voltage. The efficiency of the proposed
inverter, H6 inverter and HERIC inverter are calculated and compared. Finally, a 1kW prototype is built and
tested. The experimental results verify the theoretical analysis.

1. H5 TOPOLOGY

2.1 Circuit configuration and operation principle

An explicit inverter topology proposed in [17]is called H5 topology which is shown in Figure 3. It is
made up by adding an extra switch S5 with the full-bridge inverter. Unipolar SPWM has been applied to control
this topology with three-level output voltage. This topology can meet the condition of eliminating CM leakage
current. In the positive half cycle of grid current, switch S5 and S4 are commutated with switching frequency.
During the zero voltage vectors, S5 and S4 are turned-off and freewheeling current flows through S1 and the
anti-parallel diode of S3. In the negative half cycle, S5 and S2 are commutated with switching frequency and the
freewheeling current flows through S3 and the anti-parallel diode of S1. A fluctuation of CM voltage can be
observed with this topology because the freewheeling voltages are not clamped at the mid-point of DC input
voltage. As a result, leakage current may not be fully eliminated with this topology.
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Figure 3: Power circuit of H5 topology
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Figure 4: Waveform of Van, Ven, and Vem of H5 topology: (a) simulation result (b) experimental result
2.2 CM voltage and leakage current of H5 topology

The CM voltage and the leakage current for H5 topology can be calculated using equation (3) and (4) as
follows:

\% +V
Vem = AR 5 = 3)
_ dv
Iem = Cpy diM (4)

Figure 4 shows the simulated and experimental waveform of CM voltage and leakage current of H5
topology. It can be seen that a fluctuation of CM voltage is presented. Since there is no clamping circuit to
clamp the freewheeling voltage; as a result, a fluctuation of CM voltage and non-negligible leakage current is

observed with this topology. Therefore, it is important to clamp the freewheeling path voltage to the mid-point
of DC bus to keep CM voltage constant.
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Figure 5: Proposed transformersless grid-tied PV inverter: (a) proposed circuit configuration (b) switching signals with unity power factor.
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I11.  PROPOSED TOPOLOGY

1.1. Circuit Structure

In order to clamp the freewheeling path voltage to the mid-point of DC bus, a unidirectional clamping
branch made up by a diode and a capacitor dividor is added to the conventional H5 topology and the high-
frequency IGBT switches from each phase leg are replaced by MOSFET switches which is shown in Figure
5(a). As a result, the PV module is decoupled during freewheeling period and also the CM voltage is clamped to
half of DC input voltage. L, Lg, and C, constructs the LC type filter coupled to the grid. This topology can
achieve three-level output voltage with unipolar SPWM.

1.2. Operation principle analysis

Grid tied photovoltaic system generally operates at unity power factor. Figure 5(b) shows the
waveform of the switching pattern for the proposed topology. The operation principle of the proposed topology
is very similar to the H5 topology, which is shown in Figure 6. Consequently, four operational modes are
proposed that produce the output voltage states of +Vpy 0, and —Vpy,.
Mode 1 is the active mode in the positive half cycle of grid current. When S1, S4 and S5 are turned-on, the
voltage Van = Vpy and Vg = 0, thus V ag = Vpy and the CM voltage become:

v
v =£(v +V )=i(v +0)= PV )
CcM 2 AN BN 2 PV 2

Mode 2 is the freewheeling mode in the positive half cycle of grid current as shown in Fig. 6(b). The
freewheeling current flows through S1 and body-diode of S3. In this mode, the CM voltage is clamped to the
half of DC input voltage through diode D1, thus Vay = Ven = Vpy/2 and Vg = 0. The CM voltage could be as
follows:

! (Vv o) v
v :—(v +V ):—L&+&J:i (6)
cMm 2\ AN BN 21 2 2 2

Mode 3 is the active mode in the negative half cycle of grid current. Like as mode 1, when S2, S3 and S5 are
turned-on, the voltage Vany = 0 and Vg = Vpy, thus Vag = -Vpy and the CM voltage is,
%

1 1
VCM :;(VAN +VBN ):;(OJrVPv): ;V )

Mode 4 is the freewheeling mode in the negative half cycle of grid current. When S5 and S2 are turned-off, the
freewheeling current flows through S3 and body diode of S1 and the freewheeling path voltage is clamped to the
mid-point of DC bus through D1. In this mode, Van = Van = Vrv/2, thus V ag = 0 and the CM voltage become,
(v vV ) Vv
1 1

A (A )=—Lﬂ+ﬂj=i ®)
cM 2\ AN BN 20 2 2 2

As analysis above, the CM voltage remains constant during the four commutation modes of the proposed
inverter and equals to Vp,/2. As a result, the inverter hardly generates any CM leakage current. However, if the
freewheeling path voltage (Van = Vgn) is less than Vpy/2, the diode D1 is forward bised and the freewheeling
current flows from DC link to the freewheeling path. In contrast, if the freewheeling path voltage (Van = Vin) IS
greater than Vp\/2, the diode D1 is reverse bised. As a result, the CM voltage is not clamped at the mid-point of
DC bus.
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Figure 6: Operation principle of the proposed topology: (a) active mode and (b) freewheeling mode in the positive half cycle of grid current
(c) active mode and (d) freewheeling mode in the negative half cycle of grid current

IV. SIMULATION AND EXPERIMENTAL RESULTS
In order to verify the theoretical analysis, a 1kWp PV array is simulated by MATLAB/Simulink software, having
the frame of panels connected to the ground with the parasitic capacitance of 75nF. As well, a 1kW proposed inverter
prototype is built and tested in our laboratory. The detail components and parameters are given in Table 1.

Table 1: Specification of the prototype

Inverter Parameter Value

Input Voltage 400vDC

Grid Voltage / Frequency 230V / 50Hz
Rated Power 1000 W

AC output current 4.2A
Switching Frequency 20kHz

DC bus capacitor 470uF

Filter capacitor 2.2uF

Filter Inductor LA, LB 1mH

PV parasitic capacitor Cpvl, Cpv2 75nF
MOSFET switches IPW60R041C6
IGBT switches STGW30NC120HD

x_—rr--—n—r-‘-—n—r--—a—\—r--—:—r-'r-1—n~r--|

10V/div

Figure 7: Gating signal of switches S1, S4, and S5
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Figure 8: Drain-source voltage of the switches S2, S4, and S5 at (a) Grid cycle (b) PWM cycle
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Figure 9: Waveform of volatge Van, Ven and Vew: (a) simulation result (b) experimental result
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The experimental gate signals are shown in Figure 7 for the grid cycle. It is clear that the gate signals
are in agreement with the theoretical analysis made in section 3 and also the gate drive voltages are kept
constant at the desired level. The voltage across drain to source of the MOSFET switches is shown in Figure 8.
It can be seen that under symmetric transient condition, the switching voltage across the switches is clamped to
the half of input voltage. As a result, the switching losses are reduced considerably.

Figure 9 shows the simulated and experimental waveform of voltage V an, Ven, and Vem. As seen in
Figure 9(a), the CM mode voltage is kept constant at 200V which is the half of the DC input voltage. The
experimental waveforms are similar to the simulation results which are shown in Figure 9(b). As a result, the
generated leakage current is very low as shown in Figure 10. The peak value and RMS value of CM leakage
current is measured less than 20mA and 8mA, respectively. These peak and RMS values are lower in magnitude
corresponding to the German standard VDE0126-1-1.

T T T T T T T L T T T T T T L T T T T T T T T T T

T o S T VIS A

t=5ms/div]

11:5msf/div

SRR N N NN NN NN EE

' Vs
250V/div

Figure 11: Differential mode characteristics of the proposed topology

99
98
S 97
3 96
c
2 95
£ g —o—Proposed
[
93 - =-H6
92 . . . ——&—HERIC
0 200 400 600 800 1000 1200
Grid-tied Power (P)

Figure 12: Efficiency comparison between the proposed topology, HERIC topology and H6 topology
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The experimental waveform of grid current and grid voltage with full load condition are presented in Figure 10. It
is varified from Figure 10 that the proposed inverter is operated with unity power factor. As well, the output voltage and
current has low harmonic distortion which can meet the requirements of IEEE Std 1547.1™-2005. The experimental
waveform of differential output voltage is shown in Figure 11. It can be seen that the proposed inverter has three-level output
voltage as +Vpy, 0, and -Vpy. It designates that the proposed topology is modulated with unipolar SPWM having excellent
differential mode characteristics. The efficiency comparison curve of the proposed topology, HERIC topology and H6
topology are illustrated in Figure 14. Note that the presented efficiency diagram covers the total device losses and the output
filter losses but it does not include the losses for the control circuit. It is clear that the efficiency of the proposed topology is
higher than the H6 topology and almost same to the HERIC topology. The European efficiency of the proposed topology, H6
topology and HERIC topology are 97.51, 97.15, and 97.83 respectively, which are calculated in equation (10).

- 0.037, (10)

+0.067,04, +0.137,40, +0.1077,0, +0.487,4, +0.277,4,

MTey % %

V. CONCLUSION

In this paper, a new single phase transformerless inverter for grid connected PV system is presented. The proposed
inverter has some advantages as: (1) the CM voltage of the proposed topology is clamped to the half of DC input voltage; as
a result, leakage current is well suppressed, (2) it can achieve three-level output voltage by employing unipolar SPWM with
good differential-mode characteristics, (3) no dead time is required at grid zero crossing instant which reduces the total
harmonic distortion (4) the output current shows that the proposed inverter can convert the solar power into high quality ac
power which constitutes an attractive feature. The maximum efficiency and European efficiency of the proposed inverter is
measured 98% and 97.8%, which make it very attractive. Therefore, it can be concluded that the proposed inverter is very
suitable for single-phase grid connected PV system.
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