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Abstract—For low-power grid-connected applications, a single-
phase converter can be used. In photovoltaic (PV) applications, it is
possible to remove the transformer in the inverter to reduce losses,
costs, and size. Galvanic connection of the grid and the dc sources in
transformerless systems can introduce additional ground currents
due to the ground parasitic capacitance. These currents increase
conducted and radiated electromagnetic emissions, harmonics in-
jected in the utility grid, and losses. Amplitude and spectrum of
the ground current depend on the converter topology, the switch-
ing strategy, and the resonant circuit formed by the ground ca-
pacitance, the converter, the ac filter, and the grid. In this paper,
the ground current in a 1.5-kW PV installation is measured under
different conditions and used to build a simulation model. The in-
stallation includes a string of 16 PV panel, a full-bridge inverter,
and an LCL filter. This model allows the study of the influence of
the harmonics injected by the inverter on the ground current.

Index Terms—Ground current, photovoltaic (PV) power sys-
tems, pulsewidth-modulated inverters, single-phase system, utility
interface.

I. INTRODUCTION

A S DISTRIBUTED power sources become increasingly
prevalent in the near future, power electronics will be

able to provide significant advantages in processing power from
renewable energy sources using fast response and autonomous
control [1], [2]. Fuel cells, photovoltaic (PV) devices, and stor-
age battery sources produce low voltages, so a dc–dc boost
converter is generally required to adapt the voltage level for
the grid-connected inverter. This dc–dc converter, in addition to
boosting, also regulates the inverter input voltage and sometimes
isolates the low- and high-voltage circuits.

Most of the commercially available converters for renewable
applications include a transformer, which enables the selection
of a suitable dc voltage input for the inverter and isolates the
energy source from the utility grid [3]. Converters including a
transformer either use a line transformer or a high-frequency
transformer. Line-frequency transformers are regarded as poor
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components due to increased size, weight, and prize. Converters
with high-frequency transformers include various power stages
and are pretty complex. Transformerless concept is advanta-
geous regarding their high efficiencies reached of up to 97%–
98%, which is highly attractive for distributed power generator
systems [4]–[7]. Avoiding the transformer has the additional
benefits of reducing cost, size, weight, and complexity of the
inverter. However, the removal of the transformer, and hence
its isolation capability, has to be considered carefully. An anal-
ysis of different standards shows that the PV panels must be
ever grounded in USA [8], and only under certain conditions
in Europe [9]. When grounding of the PV panels frame is a
requirement, the PV ground parasitic capacitance needs to be
considered in transformerless topologies. Because of the capac-
itance between the PV panels and ground, potential differences
imposed by switching actions of the inverter inject a capacitive
ground current [10]. This ground capacitance is part of a reso-
nant circuit consisting of the PV panels, the ac filter elements,
and the grid impedance [11]. Because of necessary efficiency
optimization of systems, the damping of this resonant circuit
can be very small, so that the ground current can reach am-
plitudes well above permissible levels. Also, the resonant fre-
quency is not fixed due to the ground capacitance dependence
on environmental conditions. Depending on the topology and
the switching strategy, the ground current can cause more or
less severe (conducted and radiated) electromagnetic interfer-
ences, grid current distortion, and additional losses in the system
[12], [13].

This paper evaluates the ground current in a full-bridge
single-phase transformerless inverter connected to the grid [14].
Ground voltage and currents were measured in a 1.5-kW PV
installation using unipolar and bipolar modulation strategies.
Ground current differences between both strategies are dis-
cussed. From these experimental results, the value of the ground
capacitance is estimated and a model of the resonant circuit is
presented. The simulation results are compared with the ex-
perimental results, and the resonance frequency of the system is
calculated using this model. Finally, in order to eliminate ground
current in transformerless installations, the substitution of the
usual full-bridge inverter for a neutral point clamped (NPC)
topology is discussed [15].

II. FULL-BRIDGE TOPOLOGY

The topology shown in Fig. 1 is a standard full-bridge volt-
age source inverter. Different pulsewidth modulation (PWM)



Fig. 1. Voltage source PV transformerless inverter connected to the grid.

Fig. 2. Ground current in a PV transformerless inverter connected to the grid.

switching patterns can be used in transformerless single-
phase inverter bridges. By using bipolar PWM, the diago-
nal switch pairs are fired alternately and the bridge voltage
changes between +Vdc and −Vdc . In order to reduce the
losses, unipolar PWM is commonly used. Using this switch-
ing strategy, the bridge voltage output has three possible lev-
els: +Vdc , 0, and −Vdc . Unipolar PWM has various advan-
tages over bipolar PWM. Ripple current is significantly less
because of the three-level switching pattern that reduces filter-
ing requirements. Unipolar PWM changes the voltage across
the inductor by Vdc for each switch transition, which im-
plies that the dv/dt is reduced. This results in lower switch-
ing losses, lower switch stresses, and reduced electromagnetic
emissions.

III. GROUND CURRENT AND RESONANCE FREQUENCY

Without transformer, there is a galvanic connection of the
grid and the dc source, and thus, a ground current appears [16].
Disadvantages of the appearing ground current are increased
system losses, impairing of electromagnetic compatibility, and
safety problems [17]. Ground current is limited by standards.
For instance, in Germany [9], every PV system needs to include
a residual current monitoring unit (RCMU), which observes the
ground current, and if it is greater than 300 mA, the system must
be disconnected in 0.3 s.

In general, the ground current is superimposed to the line
current; therefore, the harmonic content is increased compared
with inverters without the transformer. In the transformerless
grid-connected system shown in Fig. 2, a resonant circuit is
created if the dc generator is grounded. This resonant circuit
includes the ground capacitance, the filters, the inverter, and
the impedance of the connected utility grid. Magnitude of the
mentioned capacitance depends on the dc source and the envi-
ronmental conditions. For fuel cells, this ground capacitance is
very small, so ground currents with this kind of sources is not
a topic. Nevertheless, ground capacitance of PV panels can be

Fig. 3. PV panels ground capacitance.

very high; it goes from nanofarads up to microfarads [10], [11],
because PV panel structure is like a huge capacitor, where one
electrode is formed by the PV cells and the other by the grounded
frame (see Fig. 3). Therefore, ground current can reach high
levels, thus becoming an important issue in transformerless PV
applications.

It is important to know the resonance frequency in order to
get a properly working system, because the first measure to
reduce the ground currents is to decrease the excitation of the
resonant circuit. A problem arises due to the great dependence
of the ground capacitance with environmental conditions, and
hence the resonant frequency of the system. The resonance of
the system can be controlled by a damping resistor or the choice
of the LCL filter.

IV. EXPERIMENTAL RESULTS

The PV power system consists of a string of 16 BP MSX 120
PV panels, a full-bridge voltage source inverter, and an LCL
grid filter. Each panel has a nominal power of 120 W and an
open-circuit voltage of 42.1 V.

A 915- µF electrolytic capacitor is used for the power de-
coupling between the PV modules and the single-phase grid.
The inverter is made using the power stage of the commercial
converter Danfoss VLT 5004 rated 400 V/10 A. The output of
the filter is directly connected to the grid without insulation
transformer. The parameters of the LCL filter are: Cf = 2.2 µF,
Lf = 1426 µH and Li = 713 µH. The effective switching fre-
quency in the filter is 20 kHz; therefore, when unipolar modu-
lation is used, the inverter switching frequency must be 10 kHz.
The control algorithm was implemented using the dSPACE
DS1103 platform [18]. The main elements of the PV control
structure are:

1) the synchronization system using a phase-locked loop;
2) the input power control using a dc voltage controller with

a power feedforward loop;
3) the grid current controller using the proportional resonant

controller with harmonic compensation for the third, fifth,
seventh, and nineth harmonics [19].

A maximum power point tracking (MPPT) algorithm was
not used in order to analyze the system ground current under
different power output conditions. In all cases analyzed, the PV
panels worked at almost constant sun irradiation of 1050 W/m2 .
Fig. 4 shows the voltage and current output waveforms with the





Fig. 6. Measured ground voltage and ground current with unipolar and bipolar PWM (Ch#1: inverter output, Ch#2: ground voltage, Ch#3: ground current).
(a) P = 0 W. (b) P = 1260 W.

TABLE I
VOLTAGE OUTPUT OF THE PV PANELS AT 1050 W/m2 IRRADIATION

the converter, i.e.,

H(s) =
Ih(s)
Vh(s)

.

This plot presents a maximum at 70.4 kHz, which is near to the
70 kHz frequency, as it was appointed in the previous section.
Therefore, the high-frequency capacitance of the panels is well
estimated.

Assuming that the grid inductance L is much smaller than
the filter inductance Lf and the cutoff frequency of the filter
is much smaller than the resonant frequency of the system, an

approximate value of the resonance frequency can be calculated
by means of the following expression:

fr =
1

π
√

Lf Cp

. (2)

Using this equation, the calculated resonance frequency of the
system is 72.3 kHz, which is closer to the resonance frequency
of the Bode plot. At this frequency obtained analytically, a large
ground current appears in the PV panels.

VI. NPC TOPOLOGY

Multilevel technology provides alternative solutions to make
the connection of PV panels to the grid without the transformer.
The model shown in Fig. 12 was used to simulate the previ-
ous installation if the full-bridge inverter is substituted by an
NPC inverter. NPC inverters [20], [21] provide multiple volt-
age levels through the connection of the output terminal to the
nodes of a series bank of dc sources. Full-bridge inverter with



Fig. 7. Voltage and current spectrum with unipolar PWM.

TABLE II
CAPACITANCE ESTIMATION

unipolar PWM and NPC inverter have many similarities. They
both have the same number of controlled switches, they can
create the same three-level output, the effective switching fre-
quency doubles semiconductor switching frequency, and they
have similar dv/dt. Therefore, both inverters have the same fil-
ter requirements, the same current ripple, and similar switching
stress.

The main advantage of the NPC inverter is that the midpoint of
the dc sources is connected to the neutral of the grid. Therefore,
as Fig. 13 shows, the ground voltage is nearly constant that elim-
inates ground current. It makes this topology very attractive for

Fig. 8. Simulation model of the PV inverter.

TABLE III
GRID AND FILTER PARAMETERS

transformerless single-phase grid-connected applications with
high dc ground capacitance like PV panels.

Main drawbacks of the NPC inverter are that it needs two PV
strings, which are loaded only during half line cycle. This re-
quires enlarged decoupling capacitors, which increase the cost
and the size of the converter. In addition, the operation of each
PV strings at the maximum power point makes the system con-
trol more difficult.



Fig. 9. Simulated ground voltage and ground current with unipolar and bipolar PWM. (a) P = 0 W. (b) P = 1260 W.

Fig. 10. Model of the resonant circuit.

Table IV compares both topologies in terms of modulation
strategy, output levels, filter requirements, switches count, com-
mutation and voltage stress, control complexity ground voltage,
and ground current. Fig. 11. H (s) Bode plot of the resonant circuit model.



TABLE IV
COMPARATIVE

Fig. 12. Simulation model of the NPC PV inverter.

Fig. 13. Simulated ground voltage and ground current with an NPC inverter.

VII. CONCLUSION

In this paper, the ground current in a single-phase transformer-
less inverter connected to the grid was evaluated. Waveforms
of the measured ground voltage and ground current with dif-
ferent modulation strategies and under different output power
conditions are presented. Without the isolation capabilities of
the transformer, a resonant circuit arises due to the ground ca-
pacitance of the PV panels. The study of the ground current
spectrum shows the existence of the resonant frequency in the
system. Dependency of the ground current on dc bus amplitude,
modulation strategy, switching frequency, and filter LCL choos-
ing was appointed. Modulation strategy has the main influence
on the ground current. Bipolar modulation causes much lower
ground current than unipolar modulation; so, in this case, the
resonant frequency is not a problem.

On the basis of the experimental results, the ground capaci-
tance of the PV panels was estimated and a simple model that
produces similar results was built. From this, a resonant circuit
model was proposed and an expression to calculate the approx-
imate resonance frequency of the system was derived. Values
estimated for ground capacitance change with frequency, so fur-
ther investigation in this topic is needed in order to obtain an
improved model that provide accurate results.

Neutral point clamped inverter has low current ripple, low
filter requirements, low switching losses, and low switches
stress, but without the ground current problem. Elimination of
ground current makes this topology very interesting for single-
phase grid-connected applications, where dc sources present
high ground capacitance. PV inverters are included in these
applications.
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