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The growing prevalence of grid-connected photovoltaic (PV) systems has
intensified the demand for efficient, reliable, and compact power conversion
technologies. Transformerless photovoltaic (TLPV) systems provide
improved efficiency and reduced size and costs compared to those using
line-frequency or high-frequency isolation transformers. However, these
inverters commonly exhibit leakage current because they lack galvanic
isolation. Conventional topologies address this issue by adding extra
semiconductor devices or employing complex control methods. This paper
examines how a filter-clamped inverter (FCI) operates in grid-connected
three-phase transformerless photovoltaic (TLPV) applications. However, the
proposed inverter successfully reduces leakage current without additional
components or control modifications. This makes it a compact and
simplified alternative for transformerless PV applications. Additionally, the

TLPV inverter traditional full-bridge (FB) inverter with three phases, when compared to the
FC inverter, has very high leakage current. Simulation results validate the

FC inverter’s ability to minimize leakage current.
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1. INTRODUCTION

Direct current (DC) produced by photovoltaic (PV) modules is processed by switched-mode power
converters, enabling quicker control responses than those of other renewable energy sources. Both the
expansion of distributed solar energy within communities and large investments in megawatt-scale central
PV plants have been spurred by these benefits [1], [2]. Different from other renewable energy systems, PV
inverters have unique features.

Three-phase inverters can employ smaller capacitive filters while maintaining constant voltage
because, in the DC connection, they do not encounter double-line-frequency ripples, unlike single-phase
systems [3]-[6]. This improves system reliability. The cost of solar energy is strongly impacted by the
efficiency, dependability, and cost-effectiveness of the numerous inverters that make up large-scale PV
systems. Because of their greater efficiency, three-phase PV inverters are more appropriate for high-power
applications, despite the fact that residential distributed generation often uses single-phase inverters [7], [8].

Transformerless photovoltaic (TLPV) inverters may experience significant leakage currents due to
the conductive channel and stray capacitance that develops between the ground and the PV array [9]-[11].
Depending on whether the solar cell is thin-film, polycrystalline, or monocrystalline, the value of this
parasitic capacitance usually falls between 60 and 160 nF/kW [12]. In addition to endangering the safety of
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maintenance workers, leakage current can lead to increased harmonic distortion in the line current,
interference of common-mode, and extra losses in the system. Therefore, international regulations establish
rigorous restrictions on leakage current. For instance, the leakage current RMS value must stay below
300 mA in accordance with the VDE 0126-01-01 standard [13], [14].

Based on this background, numerous research efforts have focused on reducing leakage current and
enhancing efficiency in TLPV inverters. In [15], a method was introduced where an additional power switch
disconnects the PV array from the DC side to minimize leakage current. However, this switch causes
significant power losses since it operates at a high frequency. In three-phase PV systems, the leakage current
was effectively decreased by adding two additional switches to the traditional full-bridge (FB) inverter
arrangement in [16] and [17]. In neutral-point clamped inverter and FB inverter topologies, an additional
method described in [18] connects the grid's neutral point to the DC connection's midway. However, this
arrangement needs more switches than the traditional FB inverter.

In study [7], a three-phase, full-bridge rectifier with zero-voltage topology was suggested, which
uses twelve more diodes and two more switches than the typical FB inverter. Despite its effectiveness, this
design greatly raises system costs and power losses. A fast recovery diode and a modulation approach
intended to keep up a steady common-mode voltage (CMV) and one of a Z-source inverter's characteristics is
its ability to lower leakage current shown in [19]. Similar to this, the reduced common-mode voltage PWM
(RCMV-PWM) techniques suggested in [20] provide bipolar output voltage but have disadvantages including
high switching losses, voltage spikes, and significant current ripples across filter inductors, which eventually
reduce efficiency.

A new space-vector modulation (SVM) method for three-phase T-type inverters was proposed in
[21] to further minimize leakage current. However, T-type inverters require more components than
conventional inverter structures. Filter-clamped (FC) inverters are defined in this study as inverter setups that
link the grid-side filter's neutral point to the DC link's midpoint. An inverter with three phases for a 50-kW
transformerless system that reduces leakage current by connecting the neutral point of the filter to the DC-
link's midway in [22] it was presented.

For variable-speed motor drives, another instance of attaching an LC filter to the DC-link midpoint
has been investigated [23]. Nevertheless, findings from [23] are not directly suitable for TLPV systems
employing LCL filters. In split DC link three-phase photovoltaic systems, neutral-point clamped and FB
topologies were examined in [18] and [24], respectively, but these designs are not ideal for three-phase three-
wire grids that lack a neutral conductor.

Additionally, split DC links and extra switches have been suggested for PV inverters that are single-
phase in [25] and [26]. A half-bridge single-phase zero-voltage state rectifier was presented in [26]; in this,
an active switch and diode rectifier connect the DC-link midway to the inverter's output. In a solar
photovoltaic system connected to the grid with two stages and three phases without a transformer to
effectively lower leakage current, a filter-clamped inverter topology was used in [27].

Application of the filter-clamped inverter in Figure 1, depicting TLPV grid-connected three-phase
systems, is the main topic of this work. In this configuration, A DC/DC boost converter that connects the DC
link to the PV array may be positioned, and to the DC link's midpoint, an LCL filter is linked [28]. This
arrangement helps to significantly reduce leakage current, enhance the quality and efficiency of the current
output, and minimize DC-link capacitor voltage ripples.
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Figure 1. Filter-clamped grid-connected three-phase transformerless photovoltaic system
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The proposed filter-clamped inverter (FCI) topology differs from previously reported inverter
structures in several ways. Unlike the designs presented in [15]-[17], [19], and [21], as there are no extra
components needed for the FCI. It produces a line-to-line voltage output that is unipolar, as opposed to [20],
which reduces the line filter's voltage stress and power losses.

In contrast to the systems discussed in [22] and [27], a comprehensive mathematical model is
presented in this paper, including the development of a common-mode equivalent circuit for detailed
analysis. Moreover, the proposed FCI also operates reliably in three-phase, three-wire grid systems that lack
a neutral conductor. This paper's primary contributions can be summed up as follows:

— The FCI is modified with a split DC link to successfully lower leakage current in three-wire, three-phase
solar systems using an LCL output filter;

— To illustrate how the FCI reduces leakage current in PV applications, mathematical analysis and a
common mode model are developed; and

— The FCI reduces leakage current without the need for additional parts like common-mode chokes or
switches.

The structure of this paper is as follows: i) The mathematical analysis and leakage current modelling
are represented in section 2 for three-phase TLPV systems using both FB and FC inverters, and discuss the
control methodology of the proposed FCI system; ii) Section 3 includes the simulation results and
discussions, respectively; iii) and Section 4 concludes the study with key findings on the performance and
advantages of the FCI.

2. GRID-CONNECTED TRANSFORMERLESS PHOTOVOLTAIC SYSTEMS WITH LEAKAGE
CURRENT: MATHEMATICAL ANALYSIS AND COMMON-MODE MODEL

2.1. Leakage current in full bridge inverter: mathematical analysis

A transformerless three-phase solar photovoltaic system with a FB inverter that is grid-connected is
shown in Figure 2. In this configuration, a parasitic (stray) capacitance Cp; forms between the ground and
PV module, allowing leakage current to pass through it. To suppress high-frequency harmonics generated by
inverter switching, the utility grid and the inverter are connected via an LCL filter.

Figure 3 exhibits the FB inverter's common-mode circuit in a grid-connected configuration. In this
circuit, the voltage across stray capacitance Cpg in this model is denoted as Vpg, and the resulting leakage
current is expressed as I carage- The voltages between the PV array’s negative node N and the inverter output

terminals (as shown in Figure 2) are represented by V,y, V,y, and V,y. Similarly, the resistance between the
ground and the grid neutral point n is represented by Rg, while V4, 1,4, and V,; show the grid voltages for the
three phases.

CPE

Dleakage Converter

Figure 2. Three-phase transformerless photovoltaic (TLPV) full-bridge inverter for grid-connected systems

KCL and KVL are used on the equivalent common-mode circuit depicted in Figure 3 to determine
the Leakage current of a grid-connected solar photovoltaic system that doesn't require a transformer. The
voltage across CPE can be stated for each phase as follows, depending on the circuit configuration:

Vg = —Van + SLy ;L. , + SLx,glx,g + V;c,g - RgILeakage @
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Vop = _VyN + SLy,z[y,Z + SLy,eg,g + V;;_g - RgILeakage 2)
Vop = —Von + 5Ly .1, , + SLZ,gIZ,g + VZ,g - RgILeakage )

The (1)-(3) describe the point-to-earth voltage V. for each phase (a, b, and c) of an inverter with
three phases. They include the effects of phase-to-neutral voltage, coupling inductances, and phase-to-ground
voltages. The inductive terms represent voltage variations caused by switching and parasitic elements. The
ground resistance term accounts for the leakage current flowing to earth. Overall, the equations explain the
origin of the system's leakage current and common-mode voltage.

The relationship between the current components in each phase is given by (4)-(6).

Ix,z = x,f + Ix,g (4)
L,=L+1, ©)
Iz,z =g f + Iz,g (6)

The (4)-(6) define the current relationship in each phase of the three-phase inverter system. For each phase,
the total current Iy, is expressed as the sum of the filter current I(x.f) and the ground (leakage) current

I(x.g)- This shows how the phase current splits into different paths. The equations help in analyzing leakage

current flow and current distribution in the inverter.
The summing of the ground currents yields the total leakage current passing through the parasitic
path of all three phases is (7).

Ieakage = —Uxg + Lyg +1,4) 0
Since the inverter output currents satisfy the balanced condition by (8).

Lg+lyp+1,;,=0 (8)
In the three-phase system, the expression for common-mode voltage is as in (9).

ViNtVyn+VzN
Vew = Vo Va 9)

The (10) and (11) are true under balanced operating conditions.
Veg + Vg +Vpg=0 (10)

Ly,=Ly,=L,,=LandL,, =1L Ly, =1L (11)

vg = bzg g

Thus, the instantaneous leakage current via parasitic capacitance is described as (12),

dvpg(t)
ILeakage(t) = CPE% (12)

or, equivalently, in the Laplace domain (13).
ILeakage = SCPEVPE (13)

The (12) demonstrates how the parasitic capacitance Cpe and the rate of change of the voltage across it,
represented as dVpee(t)/dt, affect the leakage current.
The (1)- (13) can be combined to express the parasitic capacitor's voltage Ve as (14).

3
T 343sCppRg+s2CpE(Ly+Lg)

(=Vem) (14)

Ve
The (14) indicates that the potential Vp is directly linked to the CMV. Therefore, when the CMV fluctuates
with time, there are notable voltage fluctuations across the parasitic capacitor Cpy, causing a large leakage
current between the ground and the PV array. However, in the proposed FCI, the parasitic capacitor's voltage

Vee is independent of the CMV. This characteristic and its underlying conduct are thoroughly discussed in
section 2.2.
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Figure 3. A three-phase transformerless photovoltaic full-bridge grid-connected inverter's common-mode model

2.2. Mathematical evaluation of leakage current in filter-clamped (FC) inverter

Figure 4 shows the schematic for the grid-connected filter-clamped inverter. The DC link's midway
is attached to the LCL output filter's capacitor in this setup. The corresponding common-mode equivalent
circuit is illustrated in Figure 5. Although the filter-clamped and full-bridge inverters employ the same
control strategy, their layouts differ in the FCI; the neutral point is linked to the DC-link midway of the LCL
filter, which alters the resulting common-mode behavior.
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Figure 5. Three-phase TLPV grid-connected filter clamped inverters using a common mode model
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The common-mode circuit in Figure 5 is subjected to KCL and KVL to investigate the FCI's leakage
current. The (15)-(17) are the expressions for the resulting equations.

v

Vor = =2V, 4 SLy gLy + Veg = Ryl cuta (15)
Vv

Veg = — % ~Vyrtslyglyg + Vg = Rylieakage 19
Vv

Vpg = _% —Vag +5Laglzg + Vg — Rglicakage an

The (15)-(17) describe the point-to-earth voltage V, for the inverter's phases a, b, and ¢ while taking the DC-
link voltage into account. The term —% represents the contribution of the DC bus's midway voltage, while
V(x,f)denotes the filter voltage of each phase. The inductive terms account for grounding inductance effects

during switching. The phase-to-ground voltage and ground resistance terms represent the impact of leakage
current flow.

In this instance, the voltages across the LCL filter's RC branches are represented as V, ¢, V,, ¢, and
V,r. The (10)-(12) and (15)-(17) are combined. One way to describe the voltage across the parasitic
capacitance Ve is as (18).

3
EVDC+(Vx,f+Vy,f+Vz,f)
3+3sCpgRg+s2CpglLy

Vpg = —

(18)

The (18) makes it clear that the voltages across the LCL filter's RC branches and the voltage of the DC-link
have the most effect on the potential VPE. In contrast to a conventional full-bridge inverter, where Vg
depends on the CMV (as indicated in (14)), the FCI topology ensures that Vpgis independent of CMV. As a
result, no transient voltage is generated across the parasitic capacitance Cpe as a result of changes in CM,
effectively reducing leakage current.

Impulse-like currents are suppressed in the FCI topology by connecting the RC branches to the grid
from the LCL filter and the inverter via inductors. As a result, the voltages across the RC branches don't
change effectively, eliminating abrupt transitions. The total voltage of the three RC branches (V. + V, r +
VZ,f) forms a smooth waveform with a zero average value. Consequently, the voltage Vp in the proposed
FCI maintains a steady DC bias with minimal ripple, resulting in a significant reduction of leakage currents
opposed to the traditional full bridge inverter. This observation was further verified through detailed
simulation presented in the subsequent sections.

Figure 6 shows the system's configuration and its closed-loop control scheme. A P&0O MPPT
algorithm is used to track the PV array operating point, which provides the DC-link referencevoltage V.. A
PI controller then processes this voltage to produce the active-power reference P*.
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Figure 6. Block diagram of grid-connected three-phase transformerless photovoltaic
system with a filter-clamped inverter
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The inverter, operating in either FB or FC configuration, injects active power into the grid. The
following equations demonstrate how the grid-synchronization currents are computed in of's stationary
reference frame from the reactive and active power commands.

L% 1 % %
io = G VP + V500 17)
=k 1 * *

g = W(Vﬁp - V.Q") (18)

At the LCL filter's grid side, Vg is monitored, and at inverter terminals, the phase currents are sensed (Figure 6).
This sensing arrangement improves control accuracy by providing precise voltage and current feedback.

3. SIMULATION RESULTS AND DISCUSSIONS

To evaluate the FCI performance, a comprehensive simulation model was created in
MATLAB/Simulink, particularly its effectiveness in suppressing leakage current. Both inverter topologies—
the FB and the FC, shown earlier in Figures 2 and 4 were modeled within the same framework for
comparative evaluation. Figures 7 and 8 depict the grid currents in three phases for the full bridge and the
filter-clamped inverter, respectively. Figures 7 and 8 show the simulated grid currents in three phases of a B6
inverter and a B6 clamped inverter plotted against time. All three phase currents are sinusoidal and balanced,
with equal magnitude. Each waveform is phase-shifted by 120°, which is characteristic of a three-phase
system. Small ripples appear because of the inverter's switching action.

Figures 9 and 10 illustrate the voltage across the stray capacitance (V) for both inverter types. The
FB inverter exhibits considerable fluctuations in Vpg, while the FCI maintains a nearly constant and stable
Vpg. Figure 9 shows the simulated stray capacitor voltage of a B6-type inverter plotted versus time. The
voltage waveform exhibits high-frequency oscillations caused by inverter switching. Large voltage
fluctuations indicate the effect of parasitic capacitances and common-mode voltage. Figure 10 illustrates the
simulated stray capacitance voltage of a B6 clamped inverter with respect to time. The waveform shows
high-frequency oscillations due to inverter switching and parasitic capacitances. Compared to a conventional
B6 inverter, the voltage fluctuations are reduced, indicating better clamping action.

Simulated three-phase grid currents for B6 Inverter

grid
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Figure 7. Grid currents injected by the transformerless photovoltaic FB inverter

Simulated three-phase grid currents for B6 Clamped Inverter

gr\d(A’

L &b b & o = 0 w a

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time(Sec)

Figure 8. Grid currents injected by the TLPV FC inverter
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Consequently, as shown in Figure 11, the FB inverter experiences large leakage current, with an
RMS value of approximately 600 mA, exceeding the 300 mA safety threshold defined in international
standards as shown in Table 1. In contrast, the FCI's leakage current waveform, which keeps an RMS value
of about 70 mA, is shown in Figure 12, well below the allowable limit specified by grid safety standards.
Thus, the filter-clamped inverter effectively mitigates leakage current and satisfies the VDE 0126-1-1 safety
requirements. These simulation outcomes confirm the validity of the analytical models developed and
discussed in section 2, demonstrating that the FCI achieves lower leakage current when compared to the FB
inverter. Figures 13 and 14 are the waveforms of three-phase grid voltages for FB and FC inverters.
Figures 13 and 14 represent the simulated three-phase grid voltages of a B6 inverter and a B6 Clamped
inverter. All three-phase voltages are balanced, sinusoidal, and 120° phase-shifted from each other. The
amplitudes remain nearly equal, indicating proper voltage control and symmetry. Small ripples on the
waveforms are due to PWM switching effects of the inverter.

Simulated Stray capacitor voltage for Bé-type Inverter
T

0 0.02 0.04 0.‘06 0.08 IJ.:IIJ
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Figure 9. Stray capacitance voltage (Vpg) for TLPV FB inverter

Simulated stray capacitance voltage for B6 Clamped Inverter
T |

200 if
2300 |1
400
j-soof -

600 — -

V)

0 0.02 0.04 0.06 0.08 0.10
Time(Sec)

Figure 10. Stray capacitance voltage (Vpg) for TLPV FC inverter

Simulated Leakage current for B6 Inverter
T T
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Figure 11. Leakage current for transformerless photovoltaic FB inverter connected to grid

Table 1. Leakage current in FB and proposed FC type inverters
Type of inverter  FB inverter  FC inverter
Leakage current 600 mA 70 mA
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The parameters used for all the simulation in this paper are: At LCL filter: The LCL filter's damping
resistor Rf = 5.6 Q, the LCL filter's inverter side inductor Lc = 6.5 mH, The LCL filter's capacitor Cf =
2.2 YF. At grid side filter: The LCL filter's grid side inductor, Lg = 0.65 mH, 50 Hz is the grid frequency,
nominal voltage from one phase to another (Vrms) = 220 V; two capacitors connected in series form a DC
link capacitor. (CDC) = 680 uF, Resistor between the grid ground and the array's stray capacitance, Rg =
11 Q and switching frequency = 16 kHz. As per Table 1, in FCI, the leakage current is significantly reduced
in comparison to the FB inverter that is from 600 mA to 70 mA.

Leakage current for B6 Clamped Inverter
I T

15
1.0
0.5

Ic(A)

0.5
-1.0

-1.5

| 1 L L
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
Time(Sec)

Figure 12. Leakage current of grid-connected transformerless photovoltaic FC inverter

Simulated three-phase grid voltages for B6 Inverter
T T T

I
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Figure 13. Three-phase grid voltages for FB inverter

Simulated three-phase grid voltages for B6 Clamped Inverter
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Figure 14. Three-phase grid voltages for FC inverter

4. CONCLUSION

This study proposes the FC inverter for reducing three-phase photovoltaic systems leakage current
without transformers. The PV stray-capacitance voltage is separated from the common-mode voltage by
connecting the output filter to the DC-link's midpoint, thereby lowering leakage current. To examine leakage
current behavior of each, a common-mode comparable model was created for the proposed FC inverter and
the conventional full-bridge inverter. Results of the simulation showed that the FCI significantly
outperformed the FB inverter, reducing leakage current from 600 mA to 70 mA. Leakage current was
significantly suppressed by the FCI. Consequently, the suggested filter-clamped inverter topology offers a
reliable and cost-effective alternative for future grid-connected TLPV systems.
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