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Abstract. Multilevel inverters are well used in high power
electronic applications (about 10 kW) because of their ability to
generate a very good quality of waveforms, reducing switching
frequency, and their low voltage stress across the power
devices. However, inverter architecture must be modified in
order to take into account the different photovoltaic (PV)
problems in conventional installation. This paper presents a
comparative study of 5-level Neutral Point Clamped (NPC) and
a new mixed 5-level inverter. The theoretical study is validated
using simulation with the LTspice environment. The output
voltage and total harmonic distortion are particularly compared.
An experimental 5-level inverter was realized in order to
validate analytical results.
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1. Introduction

The energy efficiency of a photovoltaic installation
depends mainly on two conversion stages: the PV
module and the DC/AC converter. In this paper, the PV
inverter is the point of focus of the study. Nowadays, H-
Bridge inverters are well used because of their quite
simple design and cost-effectiveness. However, the use
of this kind of topology in PV applications can lead to
some operating problems.

PV modules are composed of inherent stray capacitances
and particularly between the silicon cell and aluminum
structure. This capacitance value, that could be equal to
150 nF.kW™, [1], depends on the humidity level and the
cell technology of the PV module, [2], [3].
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Fig. 1. Inherent stray capacitances of a PV module.
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The mechanical PV structure is earthed. The positive or
negative module polarity is connected to the DC/AC
converter. This polarity level varies because of the
switching of the devices. The variable voltage on parasite
capacity leads to leakage current flowing to the earth.

The NFC 15-100 and UTE C 15-712 standards require
the use of 30 mA differential circuit breaker inside the
PV installation. However, the leakage current can
increase over 30 mA that leads to the installation shut
down. So, the limitation of earth leakage currents has
become an important challenge.

One of well-known converter structure that is able to
eliminate earth leakage currents is the NPC (Neutral
Point Clamp converter) topology. Because the middle
point of the DC source is fixed (clamped by diodes), no
current can be generated.

In symmetrical configuration, the output voltage is
divided by 2 for 3 levels NPC compared to the H-Bridge
converter. To obtain an H-Bridge equivalent output
voltage, it’s therefore necessary to double the DC source
level. Unfortunately, it requires an increase of the voltage
stress on the semiconductor switches. One solution
consists in using a five-level NPC topology. This
converter improves the Total Harmonic Distortion (THD)
of the output voltage and current and no leakage current
can flow through the structure.

Regarding a NPC converter, the number of levels “N” is
defined as:

N=k/2+1 Q)
where, k is the number of semiconductor switches

For example, a 5-level inverter requires 8 semiconductor
devices and the number of clamping diodes is multiplied
by 3.compared to an H-bridge topology. Furthermore, the
number of sources and decoupling capacitors is doubled.
The increase of components number implies a cost
increase that is the main drawback of this converter

topology.
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The Mean Time Between Failure (MTBF) of PV systems
is estimated between 80,000 h to 100,000 h [4]. One of
the major causes of breakdown is the gradual fatigue of
the electrolytic condensers commonly used to smooth the
DC bus voltage. Furthermore, their aging is accelerated
by the increase of the ambient temperature inside the
converter. Indeed, according to (2), the aluminum
electrolytic condenser lifetime is divided by two for
10 °C temperature increase [5].
H=L,x2 o
T ()

where, H = lifetime; Lu = estimated lifetime for a T,
temperature level; T = operating temperature

This article aims to develop and validate a new mixed 5-
level inverter structure limiting the number of
components, the use of decoupling capacitors compared
to 5-level NPC topology and limiting the earth leakage
current compared to H-Bridge one.

This new topology is particularly compared with a 5-
level NPC one. A theoretical study is presented and
validated using the LTspice simulation tool. The output
voltage and THD are analyzed.

2. Theoretical analysis

A. 5-level NPC inverter reminder

Fig. 2 shows an operating phase of 5-level NPC inverter
in symmetrical configuration [6]. This topology is
composed of 8 bidirectional current and unidirectional
voltage switches and 6 clamping diodes.
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Fig. 2. Electrical schematic of 5-level NPC inverter.

Fig. 3 only describes the positive operating sequence
(level 1 to 3) but the different steps are summarized in
Table 1, where the output voltage (“Vs”) is indicated.
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Fig. 3. Switching sequence of 5-level NPC: a) Vsl= 0,b
Vs=E/2,c)Vs=E.

Table 1. State of switches and voltage of the 5 levels NPC

converter,

Level Switches controlled Vs
Level 1 K3 ;K4 ; K1’ ; K2’ 0
Level 2 K1’ ; K2’ ; K3’ E/2
Level 3 K1’ ; K2’ ; K3’ ; K4’ E
Level 4 K2 ;K3 ; K4 -E/2
Level 5 K1;K2;K3;K4 -E

B. Development of a new mixed 5-level inverter

The architecture proposed is shown on Fig. 4. This kind
of structure is based on the mixture between a H-Bridge
converter (composed of the K1, K4, K7 and K8
semiconductor switches) and a NPC (composed of the
K1-K4 devices) one. The K5 and K6 power switches
allow a bidirectional current and voltage operating mode
because of the symmetrical configuration of the converter
(one phase inverter).

m K8 ‘|E’§K4
Fig. 4. Electrical schematic of the new mixed 5-level inverter
proposed.

Fig. 5 shows the operating mode of this new converter
and particularly for positive output voltage.

VVVVVVVV ‘{ (5]
] 2

Fig. 5. Switching sequence of 5 level converter probosed: a) Vs
=0,b)Vs=E/2,c)Vs=E.

Table 2 synthesizes the different operating steps.
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Table 2. State of switches and voltage of the 5-level converter

proposed.

Level Switches controlled Vs
Level 1 K2 ;K3 0
Level 2 K3 ;K4 ; K5; K6 E/2
Level 3 K3 ;K4 ; K7 E
Level 4 K1;K2;K5; K6 -E/2
Level 5 K1 ;K2 ;K8 -E

Table 3 sums up the maximum voltage constraint of the
two comparative topologies, the number of voltage
sources needed to build the 5 voltage levels and the
number of semiconductor switches.

Table 3. Operating mode of the mixed 5-level inverter

proposed.
5-level NPC 5-level inverter
inverter proposed
Vswitch Max E/2 E/2
Nb. of source 4 X E/2 2XE2
Nb. of switch 14 10

The proposed converter allows a lower design cost and
the number of sources and capacitances are divided by
two.

It is important to notice that the cost and energy
conversion efficiency of the proposal topology could also
be improved by replacing the K5 and K6 switches by a
voltage and current bidirectional switch. An interesting
switch called “ISIS” could be implemented [7]. This is a
low heat dissipating integrated switch (0.7 W/A) design
for houses application. However, its electrical
characteristics do not correspond to our needs at this time
(600V /5A).

C. Principle of 5-level converter control

A widely used method to control inverter connected to
the grid is the Pulse Width Modulation (PWM), and
particularly, Sinusoidal Pulse Width Modulation
(SPWM) [8]. This method is used for the output signal
guality. Harmonics are shifting to higher values that
improve the THD. So, the output filtering is easier and
cheaper.

The principle is based on the comparison of a reference
signal (i.e. signal to be synthesized, here a 50 Hz
sinusoidal) with a carrier [9]. The carrier frequencies
must be higher or equal to 20 times the modulating signal
(typically, a centered triangle signal or a sawtooth signal)
[10].

To generate PWM control for a multilevel converter with
« N » levels, it is needed to compare the “N-1" triangular
carriers to the reference signal (see Fig. 6).
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Fig. 6. Control signal for a 5-level converter.
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Each comparison gives 1 if a carrier is higher or equal to
the reference and 0 in the other case. The carrier « Tri; »
determines level 1 and « Tri, » and « Triz », respectively
the level 2 and 3. The Table. 4. resume the control
working.

Table 4. PWM control states of the 5 levels converter.

State Vs
Triz < Sinus < Triy 0
Sinus > Tri; E/2
Sinus > Tri, E
Sinus < Trig -E/2
Sinus < Triy -E

3. New inverter topology validation using
SPICE simulation

A. Foreword

Several electrical simulations were performed, using the
LTspice environment, to validate the theoretical analysis
described previously. In particular, the two last structures
(5-level NPC inverter and new mixed 5-level inverter)
were compared to the standard H-bridge converter. Fig. 7
shows the H-bridge simulation schematic taking into
account all the parasitic elements (inductances and
capacitances) that could also be found in the two 5-level
topologies. The capacitance element (C,) represents wire
coupling with the ground plan. The resistance and
inductance element (R, and L,) represents the wires
resistive and inductive behavior of. “C4” is the coupling
capacitance between the switch rear faces and the
thermal heat sink.

A 3 kW inverter is considered in this paper. The input
voltage “E” and output current “I;” are equal to 400 V
and 13 A respectively. The load is a resistance to
simplify the study. The SPWM switching frequency is
equal to 16 kHz (frequency higher to 20 times the
modulating signal and quite near to the limit audible
song).
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Fig. 7. H-bridge converter parasitic elements.

B. 5-level NPC inverter simulation

Fig. 8 shows the output voltage (Vs) and the sinusoidal
modulating signal.

Vs

NV

Reference

Fig. 8. Output voltage for the 5-level NPC converter.

Fig. 8 shows the five levels of the output voltage (0; E/2;
E; -E/2; -E). The voltage waveform approach to a sine
wave. Fig. 9. shows the output voltage spectrum
harmonic for the NPC topology.

N S A S S
Fig. 9. Harmonic spectrum of the output voltage for the 5 level
NPC converter.

The harmonic value number 2 (at switching frequencies)
represents 27% of the fundamental one and the third,
only 4.5%. The low harmonic value confirms the output
sinusoidal behavior. The THD value is equal to 37%.

C. Simulation of the new mixed 5-level inverter

Fig. 10 shows the output voltage (Vs) and the sinusoidal
modulating signal.
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Vs

Reference

Fig. 10. Output voltage for the new 5-level inverter proposed.

(R T e S N

Fig. 11. Harmonic spectrum of the output voltage for the new 5-
level inverter proposed.

Fig. 10 and 11 shows results quite identical than NPC
ones because of the same control method is used.

Table 5 sums up the THD level for the H-bridge, 5-level
NPC and new 5-level inverters. The leakage current and
RMS output voltage are also taken into consideration.

Table 5. Simulation results of the two 5-level inverters and
comparison with the H-bridge converter.

H-Bridge NIPC 5- Mixed 5-
evel level
THD [%] 139 37 35
I [A] 9,09 0 4,64
1-10MHz 374 237 238
Veett [V] 1-06KHz 219 222 224
A 155 15 14

The two 5 level converter reduce significantly the output
voltage THD compare to the H-bridge topology. The
value is divided by four (with bidirectional PWM).

The proposal converter improves the leakage current
level. It’s approximately divided by 2. This topology is
so interesting because of the good output quality signal
and a lower leakage current level. Moreover, the number
of component is reduced compare the NPC topology.

4. Experimental validation

A test prototype of the new mixed 5-level inverter was
designed. Fig. 13 to 15 show the results of experimental
measurements under reduced voltage and power (in the
following conditions: Vs =220 V RMS; E =300V, Is =
2 A). In particular, Fig. 13 shows the four control signals
resulting from the comparison of the sinusoidal reference
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and the four carriers. Fig. 14 shows the output voltage
and output current without any filtering.
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Fig. 13. PWM control signals of the new 5-level inverter
proposed.

The switching frequency used by the TTL numerical
control circuit (a Digital Signal Processor) is equal to
18 kHz (20 ms / 360 pts). Logical circuit controls the
eight switches by means of opto-isolator.
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Fig. 14. Output voltage and output current for the new 5-level
inverter proposed.

We can show that experimental results correspond to
those waited, a modulated signal at five levels. Because
of the inductive behavior of the resistive load (i.e.
rheostat), the output current is filtered~ 0.5 mH). The
current THD measured is shown on Fig. 15. The value at
18 kHz is about 37% as simulation results highlighted
previously.
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Fig. 15. Output voltage and harmonic spectrum for the new 5-
level inverter proposed.

5. Conclusion

In this paper, a concept of a mixed 5-level inverter is
proposed to improve the global solar energy conversion
efficiency of household photovoltaic systems. In
particular, this kind of inverter could be helpful to reduce
earth leakage currents that are currently responsible for
the shutdown of solar energy production.

The new inverter topology described in this paper is
based on the mixture between a 2-level H-Bridge
converter and a 3-level NPC structure. A 5-level NPC
inverter might have been an approach to consider.
However, this kind of topology does not fully satisfy the
above-quoted objective. A comparative study between a
5-level NPC inverter and the new mixed b5-level
converter is introduced to get a better understanding of
the differences between the two topologies.

A complete simulation analysis highlighted that the new
multi-level inverter proposed enables to reduce the
voltage drop of the semiconductor switches and improve
the output signal quality. The THD, which has
approximately the same value as a 5-level NPC inverter,
is divided by four compared to the well-known H-Bridge
structure. The number of power components and input
capacities are reduced compared to the NPC topology
one (10 even 9 power switches and 2 input capacitances
for the new mixed 5-level inverter compared to 14 power
devices and 4 input capacitances for the 5-level NPC
topology). Thus, the robustness of the converter could be
improved.

The new mixed 5-level structure operation was validated
by experimental measurements. The first results help to
highlight the advantages of this kind of structure to
address the problem of earth leakage currents limitation
and robustness increase of the inverter to improve the
energy efficiency of photovoltaic systems. However,
additional measurements are required to complete the
analysis.
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