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ABSTRACT Multi-level transformerless inverters are widely used in grid-tied PV systems since they
characterized by higher efficiency and lower cost. In this context, new topologies, modulation, and control
schemes were presented to solve problems of a common-mode voltage and leakage current. This work
proposes a transformerless five-level inverter with zero leakage current and ability to reduce the harmonic
output content for a grid-tied single-phase PV system. The neutral of the grid links to a common on which the
negative and the positive terminals of the DC-link are connected via parasitic capacitors that can eliminate
the leakage current. The proposed topology, with its inherent circuit structure, leads to boost the overall
efficiency. Simulation and experimental results show almost zero leakage current and a high-quality output
when maintaining balanced capacitor voltages on the DC-link input. The experimental results show 1.07%
THD and 96.3 % maximum efficiency when injecting a power of 1.1 kW that verify the performance of the
proposed inverter with PV sources.

INDEX TERMS IGBT inverters, transformerless grid-connected photovoltaic inverter, solar PV.

NOMENCLATURE
5L-NPC 5-level neutral point clamped converter
1v The maximum allowable ripple of the voltage
KPV The utilization ratio of the average power

generated by PV divided by its power at MPP.
PMPP Power at the maximum power point
α Taylor approximation coefficient = -0.0161
VMPP The voltage at the maximum power point
β Taylor approximation coefficient = 1.0276
PPV Photovoltaic power
VPV PV voltage
iPV PV current
γ Taylor approximation coefficient = -11.7038
vcm Common-mode voltage
v1N The voltage of terminal 1 w.r.t the neutral (N)
v2N The voltage of terminal 2 w.r.t the neutral (N)
vcm−dm Common-mode voltage in Fig. 3
L2 Inductance value in Fig. 3
L1 Inductance value in Fig. 3
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dvck
dt voltage rate of change across the DC capacitors
ick Capacitor current
ck Capacitor k ∈ 1, 4}
Sk Switch state= 0 for OFF state and= 1 for ON
Vdc DC-link voltage
dinit Initial value for vdc_ref.
vdc_ref Reference voltage DC value
dmax , dmin Upper and lower limit for vdc_ref .
1d Increment value for increase/decrease vdc_ref.
VCE IGBT collector-emitter voltage drop at load
Vt IGBT voltage drops at no load
VAK Diode anode-cathode voltage drop at load
Vf Diode anode-cathode voltage drop at no load
RCE IGBT ON-state resistances
Rd Diode ON-state resistances
i (t) Output current
io The amplitude of the output current
PonIGBT The power loss of IGBT on-state
m Modulation index
PonDiode The power loss of diode on-state
PoffIGBT The power loss of IGBT off-state
PoffDiode The power loss of diode off-state
MPPT Maximum power point tracking
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I. INTRODUCTION
Photovoltaic (PV) power as renewable energy is more and
more popular recently, but the power fluctuations harm the
quality and stabilization of the grid voltage and frequency.
Several articles have published recently with different control
strategies for grid integrated PV systems such as a modi-
fied sine-cosine optimized (MSCO) [1], fuzzy space vector
PWM [2], and intelligent fuzzy [3], these algorithms merged
with the particle swarm optimization (PSO) to get maximum
power extraction from a PVwith a high convergence velocity.
An adaptive neuro-fuzzy inference system with a PSO and
maximum power point tracker (MPPT) method discussed
to improve the PV power and oscillation tracking using a
space vector modulation hysteresis current controller in [4].
A controller’s design for optimal hybrid renewable power
using Lyapunov function without MPPT offered by [5] and
Jaya-based MPPT in [6]. Although all these recent findings
achieved a good power extractionwith fastMPPT, the inverter
topology, design, grid leakage current were not discussed.

A common solution recommends two types of transformer-
less inverter in the literature in this concern, 1) Single-Stage
Power Conversion and 2) Multi-Stage Power Conversion.
In both cases, the inverters are the most critical part of
PV systems, as they play the main role in the stability of
large-scale PV systems [7]. To enhance the system reliability
and life span, Multi-level inverters (MLIs), for high voltage
and power applications, are growing day by day, especially
when being integrated into grid-tied PV systems. One of
the effective topologies of MLIs is the 5-level neutral point
clamped converter (5L-NPC). Several MLI topologies were
proposed in the literature that can be classified as in Fig. 1.

FIGURE 1. Common MLI topologies.

The conventional two-level inverters in grid-tied PV sys-
tems were found inappropriate for medium and high voltage

utility grid [8], [9] due to high harmonics in the injected
grid current [10]. In contrast, MLIs are more appropriate for
medium and high voltage utility grid to interface with PV sys-
tems [10]. MLIs present a higher quality output voltage with
lower total harmonic distortion (THD), lower dv

/
dt switches

stress, less need for passive filter components [11]–[13].
In PV grid-tied inverter systems, high-frequency common-
mode (CM) voltages need to be avoided due to its causes of
the charging/discharging current to flow through the inverter
to ground. This leakage current will lead to an increase
in losses, current harmonics, safety issues, and interference
problems of electromagnetic effects [14]–[18]. For grid-tied
PV residential systems, energy generation and the time
required to pay back are highly depending on the inverter’s
efficiency and reliability. Therefore, they are considered
as the most important features for PV inverter systems.
Although five-level inverters have interesting characteristics
enabling them to operate in transformerless PV systems,
two main limitations should be considered in designing;
1) the balancing issue of the DC-link capacitors’ voltages
that required for a proper operation [19], and 2) the con-
duction power losses, especially when the inverter operates
with reactive power to achieve a bidirectional path through a
freewheeling state.

This work develops a system that includes a 5L-NPC
inverter with a control strategy maintaining the desired volt-
ages balancing for the input DC-link of a transformerless
grid-tied single-phase PV system. It allows zero leakage cur-
rent and the ability to reduce the harmonic content of the
output. The neutral of the grid links to a common onwhich the
negative and positive terminals of the DC-link are connected
via parasitic capacitors that can eliminate the leakage current.
It is not possible to solve the unbalancing problem of the
DC-link capacitor voltage in single-phase NPC converters
using one of the three-phase techniques like adding zero-
sequence voltage [20]. This work solves the unbalancing
problem by developing a modulation strategy [21] that con-
trolling the DC-link capacitor voltages to follow a required
reference value and creates the required AC output voltage
despite the dynamic capacitor voltage values.

A. PV MODULE REQUIREMENTS
The solar PV module/cell is very sensitive to the ripples of
output current that affect the available power significantly but
do not damage the PV cell. The inverter in PV powered resi-
dential systems must be controlled by one of the MPPT tech-
nologies to capture the maximum yield PV energy. Basing on
the analysis of the circuit shown in Fig. 2, it is essential to
decrease the excessive variation and ripple at the PV output.
The maximum allowable ripple of the voltage (1v) has been
defined in [22], [23] as:

1v =

√
2 (KPV−1)PMPP

3αVMPP+β
= 2

√
(KPV−1)PMPP
d2PPV /dV

2
PV

(1)

where PMPP, and VMPP denote MPP power, and voltage
respectively. KPV is the utilization ratio of the average power
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FIGURE 2. Characteristics and model of a PV cell: (a) electrical model with
current and voltage defined and (b) electrical characteristics of PV cell.

generated by PV divided by its power at MPP. β, γ, and
α denote the coefficients of Taylor approximation of a PV
current. These coefficients can be given by [22]:

iPV = αV 2
PV + βV PV + γ (2)

VPV ≈ VMPP +1νsin(ωt) (3)

α =
1
2
d2IMPP
dV 2

MPP
(4)

β =
dIMPP
dVMPP

− 2αVMPP (5)

γ = αV 2
MPP −

dIMPP
dVMPP

VMPP + IMPP (6)

In order to keep a low estimated error of a PV power,
the utilization ratio must not exceed the value of 0.98%. For
example, for BP4160, 160 W, monocrystalline PV module,
the parameters can be calculated according to the equa-
tions (1-6) as; α = −0.0161, β = 1.0276, and γ =
−11.7038. Therefore, the maximum allowable ripple of the
voltage (1v) is less than 8.5% of the voltage at MPP. Further-
more, for a PV module with an MPP voltage of 35V, the 98%
utilization ratio allows a ripple voltage amplitude not higher
than 3V.

B. LEAKAGE CURRENT AND PARASITIC
CAPACITANCE ISSUES
Although using a transformer will remove the effects of par-
asitic capacitance and leakage current for grid-tied PV sys-
tems, it confirms the galvanic isolation between the grid and
PV modules. In contrast, for systems with a transformerless
inverter, the link between the PVmodules and the grid creates
a galvanic connection, which can produce a CM resonant
circuit [16], [24]. One solution can electrify the issue of the
resonant circuit but may produce higher leakage current to
ground that depends on the control scheme and topology
structure [16], [25]. For a generalized transformerless inverter
with full-bridge topology for a single-phase grid-connected
PV residential system, a CM equivalent circuit [16] can be
shown in Fig. 3.

According to [16], vcm and vcm−dm are given by:

vcm =
v1N + v2N

2

vcm−dm = (v1N + v2N )
(L2 − L1)
2(L2 + L1)

(7)

FIGURE 3. Equivalent circuit of a common-mode single-phase
transformerless topology [16]. (a) Inverter topology. (b) Common-mode
scheme.

In general, four modulation strategies are used to control
the switches of an inverter, bipolar, unipolar, discontinu-
ous, and hybrid modulation [26]. A single-phase full-bridge
inverter (H4) is a well-known and basic topology for PV
applications, in which the common-mode voltage can be
clamped to DC-link voltage (VDC ) and to zero for the rest
of the period. As a result, the common mode frequency is
similar to the grid frequency that leads to reduce the leakage
current due to the absence of high-frequency components.
The limitations of H4 is the current ripples that can be reduced
by either adding bulky inductors or using a higher switching
frequency, but both of them causes lower system efficiency.
H5 topology [27] has reduced this by adding an extra switch
to the full-bridge of H4.

Several studies addressed approaches to reduce the leakage
current in which freewheeling pathways were produced to
decouple the grid from solar PV modules at null states of the
DC side H5 [27] or AC side [28], and H6 [29] [30], [31].
Those systems offer a straightforward structure scheme, but
their common-mode voltages are affected by the leakage
current loop via its parasitic parameters that can bring an
ineffective reduction of leakage currents [32], [33]. Inverter
with common-ground is a topology that increasingly inter-
ested in mitigating the leakage currents [34], [35]–[39]. The
common-mode voltage becomes zero when connecting the
neutral-line of a grid directly to a PV negative terminal [40].
The topology of common-ground of a virtual DC-bus has
presented in [35] in which a virtual DC-bus is created via
a capacitor that provides a negative output voltage which is
varied in some operation modes. A concept of charge pump
topology was offered in [36], in which the two stages of the
charge transfer process increase in topology components such
as the power switching devices. A significant interest with the
common-ground inverter has proposed in [41], which offers
a reduction switch-count of a PWM-based unipolar circuit.
An inverter of a common-ground multilevel transformer-
less type was presented in [42] that releases of a switched
capacitor, this topology offers a reduction in the number of
switches and needs a large number of input voltages over the
Full-Bridge (FB) based circuits.

The contributions in this work are; 1) Converging the
leakage current to zero by connecting the DC-link of
the PV to stray capacitors into a common with the gird
neutral terminal to reduce the harmonic content in the
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FIGURE 4. Proposed Single-Phase Grid-tied with 5L-NPC transformerless inverter topology.

5L-NPC inverter. 2) Solving unbalancing problems of this
topology by developing a modulation control strategy,
inspired by [21], that controlling the DC-link capacitor volt-
ages to follow a required reference value, and to create the
required AC output voltage despite the dynamic capacitor
voltage values. 3) Employing a transformerless 5L-NPC con-
trolled by MPPT method with Perturb and Observe (P&O)
algorithm in a solar PV grid-tied single-phase system. There-
fore, the function of this inverter is to mitigate the CM current
by reducing the output harmonic distortions.

II. PROPOSED APPROACH
A 5L-NPC inverter with the best possible number of low
voltage switches is used to have high-quality output voltage
and to eliminate the leakage current and to reduce output
harmonic content for a single-phase grid-tied PV system. The
ripple issue of DC-link capacitor voltages and unbalancing
in such an application is solved by applying a modulation
strategy that can create the required output voltage and add
an ability for controlling capacitors’ voltages regardless these
voltages equal or not to a quarter of the DC-link voltage [21].
The neutral of the grid is linked to a common on which
the negative and the positive terminals of the DC-link are
connected via parasitic capacitors that can eliminate the leak-
age current. The proposed PV-based transformerless grid-tied
topology with its MLI 5L-NPC inverter is shown in Fig. 4,
where 18 PV modules are series-connected of Trina Solar
TSM-250 type. On 25Co and 1000 W/m2, the PV string can
generate 3000W. Two stray capacitors are connected to the
negative and positive points of the DC-link of the PV array
and to the ground, which is the neutral of the grid. The system

topology, from the grid side, filters by a classical LCL forma-
tion with a center tap inductor between the neutral and line
branch. A typical 14.4 kVrms source models the utility grid
and an ideal pole-mounted a 220V center-tapped transformer,
and the central neutral wire is grounded by the resistor Rg.
This successive architecture of switches and diodes can be
extended to further levels unless limited practically. An MLI
leg needs 2(M-1) switches devices, 2(M-2) clamping diodes
and (M-1) storage capacitors.

To eliminate unwanted harmonics from the output wave-
form, a 5L-NPC inverter includes capacitors C1, C2, C3,
and C4 at the DC-link with a voltage drop of Vdc/4 each is
proposed. Every level of output voltage for the inverter has
a corresponding switching-state. The switching-state conse-
quences of the circuit are shown in Table 1.

TABLE 1. Switching-states and corresponding levels of output voltages.

A. INVERTER OPERATION
The operation of the developed 5L-NPC inverter can be
divided into four regions of switching operation and can be
represented by (5-1) switching regions, as demonstrated in
Fig. 5. During the region R1, the switches S1 and S5 operate
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FIGURE 5. Four switching regions for the proposed inverter topology.

alternately to connect the output of the inverter to Vdc
/
2 and

Vdc
/
4 respectively, while S2, S3, and S4 are continue ON.

Similarly, during R2, the switches S2 and S6 operate alter-
nately to connect the output of the inverter to Vdc

/
4 and

0 respectively, while S3, S4, and S5 are continue ON. For R3,
the switches S3 and S7 operate alternately to connect the
inverter output to 0 and −Vdc

/
2 respectively, while S4, S5,

and S6 are continue ON. Finally, during R4, the switches S4
and S8 are working alternately to connect the output of the
inverter to −V dc

/
4 and −V dc

/
2 respectively, while S5, S6,

and S7 are always ON. The switching regions operate as a
two-level inverter but with different forward and freewheeling

paths, where M-1 devices contribute to perform that rather
than only one. For example; in R2, the freewheeling path of
the upper part includes S5, and D2 that connect the inverter
output byVdc

/
4 level for the current flow of either negative or

positive, while the forward path includes the devices S2,S3,
S4, and D1. Meanwhile, for the down part, the freewheeling
current includes S3,S4 and D3 that connects the inverter
output to zero levels for either negative or positive flow, while
the forward path includes S3,S4, and D4.
A current controller by a Proportional Integral (PI) function

is an important part of such an inverter, where a phase-locked
loop (PLL) with a simple scheme of current regulator, and a
DC-link voltage regulator is used in this work, as depicted
in Fig. 6.
P&O technique is employed in an MPPT controller. The

function of MPPT is to control the DC voltage regulator
automatically by controlling vdc_ref of the inverter to get the
DC level of voltage on which the system extracts maximum
power from the PV array. The DC voltage regulator deter-
mines the necessary reference current id_ref for the current
controller. The current controller uses id_ref , id and the reac-
tive current iq to determine the necessary reference voltage to
the inverter.
The voltage rate of change across the DC capacitors can be

written as:
dvck
dt
=
ick
ck

(Sk − Sk+4) (8)

where the index k ∈ 1, 4}, Sk and Sk+4 are (0) for OFF
state and (1) for ON switch state. For single-phase grid-tied
applications, the input power may contain second harmonic
ripples, and therefore, the voltages of DC-link capacitors will
also have this harmonic ripple, and their voltages will not be
identical. In this topology, the identical condition is satisfied
when (vc1 = vc2 = vc3 = vc4 = Vdc/4). In this work,
the averaging technique concept is adopted to maintain the
balancing of capacitors voltages.
dinit is the initial value for vdc_ref .
dmax is the upper limit for vdc_ref .
dmin is the lower limit for vdc_ref .
1d is the increment value used to increase/decrease vdc_ref .

B. SWITCHING LOSSES
The switching losses of IGBTs can be calculated as follows:

First-order voltage-drop of IGBT and diode can be given
respectively by:

VCE = Vt + i (t) .RCE (9)

VAK = Vf + i (t) .Rd (10)

where VCE , Vt , VAK , and Vf denote the IGBT collector-
emitter at load, IGBT at no load, the diode anode-cathode, and
the diode at no-load voltage drops, respectively. RCE and Rd
denote the IGBT and the diode ON-state resistance respec-
tively. i (t) denotes the current that is given by:

i (t) = iosin(wt) (11)
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FIGURE 6. Inverter controller diagram of the proposed system.

FIGURE 7. The characteristics of a solar PV array that considered in this
work.

where io denotes the amplitude of the output current. By fol-
lowing the procedure mentioned in [42], [43], the power
losses at ON-states and Off-state for the IGBT and diode are
given respectively by:

PonIGBT =
ioVt
2
+

2mi2oRCE
3π

(12)

PonDiode =
ioVf
2
+

2m.i2oRd
3π

(13)

PoffIGBT =
ioVt
π
−
ioVtm
2
+
i2oRCE
4
−

2mi2oRCE
3π

(14)

PoffDiode =
ioVf
π
−
ioVfm
2
+
i2oRd
4
−

2m.i2oRd
3π

(15)

FIGURE 8. Inverter output voltage (vA0 = vinv) and current (io).

Hence, the overall conduction losses can be calculated by:

Plosses = 4
ioVt
π
+ m.i2oRCE (16)

Accordingly, and based on the data-sheet of the used IGBT,
the switching losses for the eight switches for this topology
are in the range (3.16-4.2)W, while the conduction losses are
in the range (2.12-2.432)W.

III. SIMULATION RESULTS
A grid-tied MLI inverter needs to handle both reactive and
active power based on standards such as EN 50438, where
an inverter needs to operate at power factor (PF) in the range
(0.95 lag - 0.95 lead) [44]. MATLAB has been employed to
verify the theoretical concept. The simulation parameters are
listed in TABLE 2, while the IV and PV characteristics of the
solar PV array is in Fig. 7.

According to the above characteristics for the employed
solar PV array, the results of the output voltage and current
are shown in Fig. 8, while the simulation results with different
values of PF are shown in Fig. 9. An AC value was assigned
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FIGURE 9. Grid-tied hybrid system running under three PF modes; unity (a), lagging (b) and leading (c).

TABLE 2. The list of the parameters in the simulation and prototype.

as a reference to operate the proposed system under unity
PF (a), lagging PF (b), and leading PF (c). This outcome
highlights the high dynamic performance in different modes
of PF variation.

It can observe that the grid voltage and current
achieve a pure sinusoidal and unity PF on resistive load.
Fig. 9 (b) and (c) show that the system dynamic response
changes when it is subject to inductive and capacitive part
in series with the resistive load, which means that the pro-
posed system has a good dynamic response to the phase
angle variation of the reference current from 0o to 43.3o.
The Total Harmonic Distortion (THD) of the simulation
for the current output is around 1.29% under normal con-
ditions with a DC output current of less than 1 %, which
indicates a good performance exhibited for the presented
system according to the standard IEC 61727:2004. The
simulation measurement of the leakage current for the pro-
posed grid-tied system was around 0 mA, as shown in
Fig. 10 (left), which is compared with the case that the
PV linked to the ground without stray capacitors, as shown
in Fig. 10 (right).

From the above, we can conclude that the proposed sys-
tem can successfully inject real power to the utility grid at
low THD on the output with zero leakage current. A Fast
Fourier Transform (FFT) is also used to analyze the out-
put current in a frequency domain, where the fundamen-
tal frequency of the output current (50Hz) is 6.23 with
THD=1.29%. Therefore, the proposed topology has good
CM characteristics.

FIGURE 10. Both sources linked to; the stray capacitors (proposed
topology) (left), and to ground without stray capacitors (right).

FIGURE 11. A prototype picture for the proposed inverter.

IV. EXPERIMENTAL RESULTS
An experimental prototype is implemented with a 1.1 kW
power injection to validate the operation of the proposed
system, where measurements have been conducted with the
system parameters shown in TABLE 2. The system imple-
ments its control algorithm by a development board called
the TMS320F2812 DSP controller to create the PWM pulses
for the IGBT switches. A picture for the proposed inverter
prototype is shown in Fig. 11.

To verify the proposed system experimentally, the system
was injected by 1100W real power and 500VAR reactive
power. Figure 12(a) shows the PWM control signals for the
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FIGURE 12. Experimental results; (a) PWM control signals for the
switches (S1, S2. . . S4) respectively, (b) with a unity PF, the AC output
voltage (vac) was with (100 V/div), the current was with (5 A/div), and the
PWM voltage (v0) (100 V/div), where the scale of time was (5 ms/div),
(c) the leakage current (iRg) with (0.2 A/div), and the time scale was on
(5 ms/div).

switches (S1, S2. . .S4), respectively, which can describe the
clamping and operation of the proposed 5L-NPC inverter.
For the real power injection, the result shows that the output
voltage is in phase with the output current as predicted (see
Fig. 12(b)).

It is found that the measured RMS value of leakage cur-
rent flowing through the inverter was 6.7 mA after few

FIGURE 13. Transient response of the output current (i0) when a step
load change (a) from high-low, and (b) back from low to high current
(X-axis is 5 ms/div, Y-axis is 500 mA/div).

FIGURE 14. Experimental result for lagging power factor condition: the
current was with (5 A/div), and the PWM voltage (v0) (100 V/div), where
the scale of time was (5 ms/div).

milliseconds, which is under the requirement of the German
standard [45], which states that when the leakage current goes
over 300 mA, the PV system is required to be disconnected
within 0.3 sec. The measured leakage current is shown in
Fig. 12(c).

To show the effectiveness of the proposed system under
dynamic operating conditions, the transient response of
the output current (io) during a step change (high-low) of
load current is shown in Fig. 13(a), and from (low-high)
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FIGURE 15. THD of output current and voltage.

FIGURE 16. Efficiency vs. load power for the proposed inverter.

TABLE 3. A comparison with other single-phase five-level
transformerless PV inverters.

in Fig. 13(b). This result shows that, io maintains a sinusoidal
waveform with a very low ripple influenced by the switching
frequencies.

Fig. 14 shows the waveform of both vo and io under
inductive power generation. It is found that the leakage
current of the proposed system for both load conditions
is approximately 0 mA. It can be seen that on injecting
reactive power, no more distortion arises in the grid cur-
rent. Moreover, Fig. 15 shows the THD measured of the
grid current for inductive-power generation, which is 1.07%.
Therefore, the system performance is working within IEEE
Std. 1547.1TM-2005 requirements [46]. A power analyzer,
Fluke 435, has been used to measure the inverter circuit effi-
ciency along with its load power, where the highest efficiency
achieved is 96.3 %, as shown in Fig 16.

Table 3 compares the proposed system with other single-
phase five-level transformerless PV inverters in several key
features. The columns of the table list the topology, number
of switches that used to design the inverter (S), number of
DC input voltage (N-DC), switching power losses (S-losses),
CM voltage (CM-V), leakage current (IRg), and THD.

V. CONCLUSION
A new high-performance transformerless 5L-NPC inverter
with its control strategy for a grid-tied PV system has been
presented. The major advantages of the presented system can
be brief as follows:

1. The topology of employing diode clamping MLI with
suitable stray capacitors makes the leakage current to
flow through the system in a very low value reaches
zero. Furthermore, the system offers a connection
between the DC-link pass bar of a solar PV array with
the grid neutral terminal that results in zero leakage
current.

2. The operation of the employed five-level topology
results in high performance for the harmonic distortion
that allows the reduction of filter components as com-
pared with lower MLIs.

3. The proposed 5L-NPC topology eliminated the CM
leakage current with 1.07% THD by using eight power
switches.

The results confirmed the above-stated advantages, and the
proposed system offers approximately similar characteristics
in reactive and real power injections. Therefore, the proposed
inverter topology and its modulation scheme were a suitable
and attractive solution for single-phase grid-tied PV systems.
Although the proposed 5L-NPC system achieved zero CM
leakage current with a very-low THD, the design is limited
by eight switches that are recommended to be reduced in
future work. Moreover, the presented system solved the bal-
ancing issue of the DC-link capacitors’ voltages that required
for proper operation by a modulation strategy inspired
in [21], we recommend easier algorithms to solve such
issue.
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