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Abstract—Most of the PV systems are designed with transformer
for safety purpose with galvanic isolation. However, the transformer
is big, heavy and expensive. Also, it reduces the overall frequency of
the conversion stage. Generally PV inverter with transformer is
having efficiency around 92%-94% only. To overcome these
problems, transformerless PV system is introduced. It is smaller,
lighter, cheaper and higher in efficiency. However, dangerous
leakage current will flow between PV array and the grid due to the
stray capacitance. There are different types of configurations
available for transformerless inverters like H5, H6, HERIC, oH5, and
Dual paralleled buck inverter. But each configuration is suffering
from its own disadvantages like high conduction losses, shoot-
through issues of switches, dead-time requirements at zero crossing
instants of grid voltage to avoid grid shoot-through faults and
MOSFET reverse recovery issues. The main objective of the
proposed transformerless inverter is to address two key issues: One
key issue for a transformerless inverter is that it is necessary to
achieve high efficiency compared to other existing inverter
topologies. Another key issue is that the inverter configuration should
not have any shoot-through issues for higher reliability.

Keywords—TLeakage current, common mode (CM), photovoltaic
(PV) systems, pulse width modulation (PWM).

I. INTRODUCTION

UE to the rapid increase in human population and

limitation reserve of natural resources such as coal and
fuel, solar power is considered to be better option to meet
these challenges since it is naturally available, pollution free
and inexhaustible. Besides, with the help of government
incentives and decrease in PV module prices, grid-connected
PV systems play an important role in distributed power

generation. The decrease in cost of PV system, the
advancement of power electronics and semiconductor
technology and incentives from government strongly

encourage the growth of grid-connected PV systems [1].

Grid-connected PV system can be classified into two
categories: with and without transformer. Most of the PV
systems are designed with transformer for safety purpose with
galvanic isolation. Galvanic isolation ensures no injection of
DC current into the grid and reduces the leakage current
between PV module and grid.

In DC side, high frequency transformer is used whereas
bulky low frequency transformer is used in output side of the
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inverter. However, the transformer is big, heavy and
expensive. Also, it reduces the overall frequency of the
conversion stage.

To overcome these problems, transformerless PV system is
introduced. It is smaller, lighter, cheaper and higher in
efficiency [2], [3]. However, the elimination of the
transformer may cause fluctuation of the potential between
solar array and the ground which is also known stray
capacitance or parasitic capacitance. The value of the stray
capacitance depends on the surface of the PV array and
grounded frame, distance of PV cell to the module,
atmospheric conditions, dust and humidity. This stray
capacitance is energized by the fluctuating potential and leads
to leakage current. Electrical hazard occurs when a person
touches the PV array. Leakage current flows through the
person to the ground [4]. Furthermore, DC current will be
injected to the grid causing the saturation of the distribution
transformer along the grid [5].

This CM ground current will cause an increase in the
current harmonics, higher losses, safety problems, and Electro
Magnetic Interference (EMI) issues. For a grid-connected PV
system, energy yield and payback time are greatly dependent
on the inverter’s reliability and efficiency, which are regarded
as two of the most significant characteristics for PV inverters
[6]-[9]. In order to minimize the ground leakage current and
improve the efficiency of the converter system,
transformerless PV inverters utilizing unipolar PWM control
have been presented.

II. OBJECTIVES

The main goal is to design a transformerless inverter with
high reliability and maximum efficiency greater than that of
presently available configurations by overcoming their
problems and to reduce leakage currents. In order to avoid
injection of DC current into the grid and to suppress the
leakage current within the permissible level, certain converter
structures and modulation methods have been proposed. In
this paper, a new transformerless topology is modeled,
analyzed and validated by simulation.

The main objective of the proposed transformerless inverter
is to address two key issues: One key issue for a
transformerless inverter is that it is necessary to utilize super
junction MOSFETs (CoolMOS) for all switching devices to
achieve high efficiency. Another key issue is that the inverter
configuration should not have any shoot-through issues for
higher reliability.
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II1. PROPOSED TOPOLOGY

A. Proposed Topology Features

One key issue for a high efficiency and reliability
transformerless PV inverter is that in order to achieve high
efficiency over a wide load range it is necessary to utilize
super junction MOSFETs for all switching devices. Another
key issue is that the inverter should not have any shoot-
through issues for higher reliability. In order to address these
two key issues, a new inverter topology is proposed for single
phase transformerless PV grid-connected systems.

The proposed transformerless PV inverter features:

1) High reliability because there are no shoot-through issues.

2) Low output ac current distortion as a result of no dead
time requirements at every PWM switching commutation
instant as well as at grid zero crossing instants.

3) Minimized CM leakage current because there are two
additional ac side switches that decouple the PV array
from the grid during the freewheeling phases.

4) All the active switches of the proposed converter can
reliably employ MOSFETsS since it never has the chance
to induce MOSFET body diode reverse recovery.

As a result of the low conduction and switching losses of
the super junction MOSFETSs, the proposed converter can be
designed to operate at higher switching frequencies while
maintaining high system efficiency.

B. Proposed Topology Operation

Fig. 1 shows the circuit diagram of the proposed
transformerless PV inverter, which is composed of six
MOSFET switches (S1-S6), six diodes (D1-D6), and two
split ac coupled inductors L1 and L2. The diodes D1-D4
perform voltage clamping functions for active switches S1—
S4. The ac side switch pairs are composed of S5, D5 and S6,
D6, respectively, which provide unidirectional current flow
branches during the freewheeling phases decoupling the grid
from the PV array and minimizing the CM leakage current.

Compared to the HERIC topology the proposed inverter
topology divides the ac side into two independent units for
positive and negative half cycle. In addition to the high
efficiency and low leakage current features, the proposed
transformerless inverter avoids shoot-through enhancing the
reliability of the inverter. The inherent structure of the
proposed inverter does not lead itself to the reverse recovery
issues for the main power switches and as such super junction
MOSFETs can be utilized without any reliability or efficiency
penalties.
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Fig. 1 Proposed transformerless inverter configuration

C. Circuit Operation Analysis

Figs. 2-5 show the four operation stages of the proposed
inverter within one grid cycle. In the positive half line grid
cycle, the high frequency switches S1 and S3 are modulated
by the sinusoidal reference signal V., While S5 remains
turned ON. When S1 and S3 are ON, diode D5 is reverse
biased, the inductor currents of i, and ip.; are equally
charged, and energy is transferred from the dc source to the
grid when S1 and S3 are deactivated, the switch S5 and diode
D5 provide the inductor current iy, and ij,; a freewheeling
path decoupling the PV panel from the grid to avoid the CM
leakage current. Coupled inductor L2 is inactive in the
positive half line grid cycle. Similarly, in the negative half
cycle, S2 and S4 are switched at high frequency and S6
remains ON. Freewheeling occurs through S6 and D6.
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Fig. 2 Active stage of positive half line cycle
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Fig. 3 Freewheeling stage of positive half line cycle
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Fig. 4 Active stage of negative half line cycle
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Fig. 5 Freewheeling stage of negative half line cycle

IV.LEAKAGE CURRENT ANALYSIS

A galvanic connection between the ground of the grid and

the PV array exists in transformerless grid-connected PV
systems. Large ground leakage currents may appear due to the
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high stray capacitance between the PV array and the ground
[10]-[12]. In order to analyse the ground loop leakage current,
Fig. 6 shows a model with the phase output points 1, 2, 3, and
4 modelled as controlled voltage sources connected to the
negative terminal of the dc bus (N point).
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Fig. 6 Leakage current analysis model for the proposed
transformerless inverter

Fig. 6 clearly illustrates the stray elements influencing the
ground leakage current, which include:

1) The stray capacitance between PV array and ground Cpy,.

2) Stray capacitances between the inverter devices and the
ground Cg—Cg.

3) The series impedance between the ground connection
points of the inverter and the grid Z,. The differential
mode (DM) filters capacitor C;, and the CM filter
components Lcy, Cyy, and Cy, are also shown in the
model.

The value of the stray capacitances Cg, Cgr, Cg3, and Cgy of
MOSFETs is very low compared with that of Cpy,, therefore
the influence of these capacitors on the leakage current can be
neglected [13]. It is also noticed that the DM capacitor C,does
not affect the CM leakage current. Moreover, during the
positive half line cycle, switches S2, S4, and S6 are kept
deactivated hence the controlled voltage sources Vyy andV,y
are equal to zero and can be removed. Consequently, a
simplified CM leakage current model for the positive half line
cycle is derived as shown in Fig. 7.

OAL
3 Lul L.

Chy T 1‘.“.
p!

Fig. 7 Simplified CM leakage current analysis model for +ve half-
line cycle
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With the help of the CM and DM concepts and by
introducing the equivalent circuits between N and E, a single
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loop mode applicable to the CM leakage current analysis for
the positive half line cycle of the proposed transformerless
inverter is obtained, as shown in Fig. 7, with (1) and (2)

Vem = Tt Yo (1)

Vom = Vin — Van 2

A total CM voltage V cmis defined as (3)

Loz — Lo3
Viem = Vem + Vom m
_ VintVay _ Lo~ Loz
- 2 + (Van Van). 2(Lo1+Lo3) (3)
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Fig. 8 Simplified single loop CM model for positive half line cycle

It is clear that if the total CM voltage Vcy keeps constant,
no CM current flows through the converter. For a well-
designed circuit with symmetrically structured magnetics,
normally L,; is equal to L,;. During the active stage of the
positive half line cycle, Vy is equal to V., while V3y is equal
to 0. Hence, the total CM voltage can be calculated as (4)

Vin+Van

Loi— L Vae
Viem = —5— + (Vin — Vap). o0 = e “4)

2(Log+Loz) 2

During the freewheeling stage of the positive half line
cycle, under the condition that S1 and S3 share the dc link
voltage equally when they are simultaneously turned OFF, one
can obtain (5)

Vac
Vin = Van = % )

Therefore, the total CM voltage during the freewheeling
stage is calculated as (6)

Vin+Vsn

Loi— L Vae
View = —5— + (Vin — Vap). om0 = e (6)

2(Log+Loz) 2
Equations (4) and (6) indicate that the total CM voltage
keeps constant in the whole positive half line cycle. As a
result, no CM current is excited. Similarly, during the whole
negative half line cycle, the CM leakage current mode is
exactly the same as the one during the positive half line cycle
the only difference is the activation of different devices. The
total CM voltage in the negative half line cycle is also equal to
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V4/2. Therefore, in the whole grid cycle the total CM voltage
keeps constant, minimizing CM ground leakage current.

V. RESULTS AND DISCUSSION

Fig. 9 shows the proposed transformerless inverter
SIMULINK model, which is composed of six MOSFET
switches (S1-S6), six diodes (D1-D6), and two split ac
coupled inductors L1 and L2. The diodes D1-D4 perform
voltage clamping functions for active switches S1-S4. The ac
side switch pairs are composed of S5, D5 and S6, D6,
respectively, which provide unidirectional current flow
branches during the freewheeling phases decoupling the grid
from the PV array and minimizing the CM leakage current.

1

=

i
:

Fig. 9 Proposed transformerless inverter SIMULINK model

A. Filter Design Calculations

Grid frequency f= 50 Hz

Cut-off frequency should >= 20 times of grid frequency
So, Cut-off frequency fo =20x50 = 1000 Hz

- 27Tf0
Ry,=12Q
L= —2 —19mH
21tX1000
C, = ! = 265 uF
b= rxsox1z2 ‘0K

C=2.5% of C, =0.025%265 pF = 6 uF
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Fig. 10 Output voltage of proposed inverter

Figs. 10 and 11 show the output voltage and output current
of proposed transformerless inverter respectively. From the
figures the output voltage and output currents are pure
sinusoidal shape in nature with the use of very small values of
filter elements. As the voltage and currents are in sinusoidal in
nature the THD is very low which is as shown in Fig. 12.

Output current of inverter

Current (A)
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Fig. 11 Output current of proposed inverter
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Fig. 12 Output current THD of proposed inverter
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Fig. 13 Common mode voltage of proposed inverter

Fig. 13 shows the common mode voltage of proposed
transformerless inverter as a constant voltage of 180V which
is half of given input voltage of 360V. Fig. 13 common mode
voltage is satisfies (5). As the common mode voltage is kept
constant the leakage currents will be less.

VI. CONCLUSIONS

A high reliability and efficiency inverter for transformerless
PV grid-connected power generation systems is designed,
analysed and simulated. The corresponding simulation results
were presented. The main characteristics of the proposed
transformerless inverter are summarized as follows: Ultra high
efficiency can be achieved over a wide output power range by
reliably employing super junction MOSFETS for all switches
since their body diodes are never activated. No shoot-through
issue leads to greatly enhanced reliability. Low ac output
current distortion is achieved because dead-time is not needed
at PWM switching commutation instants. Low CM leakage
current is present as a result of two additional unidirectional
current switches decoupling the PV array from the grid during
the zero stages. Higher switching frequency operation is
allowed to reduce the output current ripple and the size of
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passive components while the inverter maintains high
efficiency.
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