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Abstract- In this paper a novel power conversion structure for grid-connected photovoltaic applications is presented. This
structure is based on a multilevel inverter and on a LeBlanc transformer. The proposed multilevel power converter uses two
single-phase voltage source inverters and a four wire voltage source inverter. The Le-Blanc transformer is connected at the
output of the multilevel inverter. The configuration of the PV system is based on the multi-string technology. The structural
design of this new power converter allows a seven level shaped output voltage wave at the output of the multilevel inverter.
To control this power converter a sliding mode controller with a vectorial modulator is used. This control system allows
obtaining a fast a robust response for the multilevel inverter. Several experimental results are presented, confirming the
expected performance of the proposed power conversion structure.
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sliding mode controller.

1. Introduction

In the last years, new energy sources have proposed and
developed due to the dependency and constant increase of
costs of fossil fuels. On other hand, fossil fuels have a huge
negative impact on the environment. In this context, the new
energy sources are essentially renewable energies. It is
estimated that the electrical energy generation from
renewable sources will increase from 19%, in 2010, to 32%,
in 2030, leading to a consequent reduction of CO2 emission
[1]. Among these renewable energy sources, solar
photovoltaic energy is one of the fastest growing.

In photovoltaic systems, solar energy is converted into
electrical energy by photovoltaic (PV) arrays. PV arrays are
very popular since they are clean, inexhaustible and require
little maintenance. Photovoltaic systems require interfacing
power converters between the PV arrays and the grid. These
power converters are used for two major tasks. First, to
ensure that the PV arrays are operated at the maximum
power point (MPPT) [2-7]. Second, to inject a sinusoidal
current into the grid. Normally there are two power
converters [8,9]. The first one is a DC/DC power converter

that is used to operate the PV arrays at the maximum power
point. The other one is a DC/AC power converter to
interconnect the photovoltaic system to the grid. The
classical single or three-phase two level voltage source
inverter is normally used for this power converter type [10-
12]. However, other topologies have been proposed.
Multilevel converter topologies are a very interesting choice
for realizing this objective.

Multilevel power converters present several advantages
over a conventional two level converter such as: reducing
switching frequency, output voltage with very low distortion
and reduced dv/dt stress [13-16]. In this way, several
multilevel topologies have been applied to photovoltaic
systems [18-23].

There are several PV system configurations. These
configurations are the centralized technology, string
technology, multi-string technology and AC-module
technology. The number and type of power converters that is
used to interconnect the PV system to the grid is dependent
of the technology that is used. The multi-string technology
has several different groups of PV arrays. Each group is
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connected in series with a DC/DC converter. This allows
using this technology with some multilevel topologies, such
as, the cascaded multicell inverters. This topology is based
on the series connection of single-phase inverters with
separated DC sources. In this way, each group of PV arrays
will be used as a single DC source. This allows avoiding
high voltage amplification. In order to obtain a galvanic
connection between the grid and the PV generator many PV
systems use a power transformer, avoiding that a leakage
current may flow through the capacitance between PV
generator and ground. Some systems use a transformer
embedded in a high-frequency DC/DC converter. Others use
a line frequency transformer at the output of the inverter.

Related to these developments, this paper presents a new
power converter structure for PV systems. The proposed
structure uses two single-phase voltage source inverters, a
four wire voltage source inverter and a LeBlanc transformer.
This structure is specially developed to use with the multi-
string technology. A control system for the multilevel power
converter is also proposed. This control system is based on a
sliding mode controller with a vectorial modulator. Several
experimental results are presented in order to confirm the
characteristics of the proposed system.

2. Proposed Power Converter Struture

The base configuration of the proposed grid connected
photovoltaic system is presented in Fig. 1. This system
consists of several PV modules, DC/CD power converters, a
multilevel DC/AC power converter and a power transformer.
For the PV modules arrangements a multi-string technology
is used. Each string of the PV array is connected to a DC/DC
converter with a MPPT algorithm. The output of these
converters is the DC power supply of the multilevel DC/AC
power converter. The proposed multilevel inverter uses a
four-wire voltage source inverter and two single-phase
voltage source inverters.
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Fig. 1. Configuration of the proposed grid connected
photovoltaic system.

Fig. 2 presents the configuration of this power converter.
In order to obtain different DC voltages, at the output of the
DC/DC power converters, the PV strings are not equally
distributed. To fulfil this purpose, the four-wire voltage
source inverter must have an input DC voltage which is the
double of the input DC voltage of both single-phase voltage

source inverters. Considering a VDC input voltage for the
two single-phase voltage source inverters, the four-wire
voltage source inverter must have an input DC voltage of
2VDC. In this way, the multilevel inverter is able to generate
a seven level shaped output voltage wave. Using equal DC
voltages for all inverters only a five level shaped output
voltage wave could be obtained. With this different DC
voltage arrangement one can obtain the following multilevel
inverter output voltage combinations: -3Vpc, -2Vpc, -Vpe, 0;
+Vpe, ¥2Vpe, +3Vpe. The output of the AC/DC power
converter is connected to a Le-Blanc transformer, and the
secondary windings of this transformer are connected to the
grid.

i

Fig. 2. Multilevel DC/AC converter.

The proposed multilevel inverter generates two output
voltages that must be shifted by 90 degrees. The Le-Blanc
transformer is used to obtain a three-phase balanced voltage
system at the output of the power converter system. The Le-
Blanc connection transformer is an asymmetrical winding
transformer, which is usually used to transform a three-phase
voltage system into a two-phase supply, by means of a
special winding connection [24,25]. The winding connection
of Le-Blanc transformer is shown in Fig. 3. There are five
windings on the primary side, separated into two distinct
phases, and three windings of the secondary side, which are
delta connected.

To ensure a three-phase balanced system on the grid
side, the turn ratio of the windings (Fig.3) must be given by
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Fig. 3. Le-Blanc connection scheme.

The voltage and line currents relationship of the Le-
Blanc connection can be written as (2) and (3), respectively.
Vqa and V4 denote the two voltages, on the five windings
side. Vg, Vs and V+ denote the line voltages on the three
windings side.

2 N2 1 N2 2 N2
Vo= 2V, 4+ = 2V - 2
3N ROBN ST BN T
2
N N
2 2
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Ny Ny
| ik|
R 3 N, a
N N
IS__l__2|a+_2|c (3)
3 N; N,
o1 Noy Ny,
T \/§N1 a Nl c

The proposed multilevel power converter allows to
obtain a seven level output voltage (-3Vpc, -2Vpe, -Voe, 0;
+Vpe, +2Vpe, +3Vpe). The output voltage is dependent of
the states of the switches of the k" ke{1,2,3,4,56,7,8}
converter leg. Considering the time dependent variable vij,
ie{1,2}, je{1,2,3}, defined in (4) the multilevel output
voltages can be obtained by (5).

1 if Sij iSON A S_Ij is OFF
Vij = _ _ —_ (4)
0 if Sjj is OFF A Sjjis ON
Vab = (722721 Vpe + (r1a=714) 2Vpe
®)

Veg = (13=712) 2Vpe +(7317732) Vpe

3. Control System

In order to maximize the photovoltaic system,
continuously tracking the maximum power point is ensured
by the DC/DC converters and correspondent control system.

This is also ensured by the use of the perturb and observe
(P&O) technique [26].

Synchronous with grid is achieved by using a phase
locked loop (PLL). It is used the Modified synchronous
reference frame method [27]. The transformation angle is
obtained with the voltages of the AC network. The speed of
the reference frame varies instantaneously depending of the
waveform of the three-phase voltage system. Let q be the
transformation angle (variable in time). This angle is
computed using the AC voltages using (6) and (7). In this
method, no synchronizing circuit is needed.

cos@ = G 6)
Jel +e;
e
sing=——~ @

Jeo +e;

Switching power converters are nonlinear and time
variant systems. Sliding mode approach offers a very good
way to implement a control strategy which exploits the
inherent variable structure of this type of power converters
[28, 29]. Due to these inherent characteristics, this type of
control [30, 31] was chosen to control the proposed
multilevel inverter.

Using the controllable canonical form of the system
model the sliding mode controller can be obtained. On other
hand, this controller should impose in each switching period
T, that the output voltages Vq, and V4 average values must
be equal to their reference average values (8).

1 1,7
?J.O Vabref dt_?J.o Vab dt = €ab = 0

®)

1

T 1 1
?IO Vcdref dt_?J-o Vcd dt = € =0

From (6) it is possible to obtain the sliding surfaces
given by (9), where kab and kcd are the gains used to impose
the switching frequency:

k T
S(eab’t) = -I-LbJ.(Vabref _Vab) dt= 0
0

©)

k T
S(ecd ’t) :TLdJ‘(Vcd ref _Vcd) dt=0
0

Due to the characteristics of the switching power
converters it is not possible to always ensure that the system
trajectory always moves on the considered sliding surfaces
(9). Thus, it must be ensured that the trajectory of the system
should move directly towards the sliding surface. Stability
condition (8) assures this assumption. According to (9) and
(10) the switching law must obtained from condition (11).
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S(eab) S(eab) <0 and S(ecd) S( ecd) <0 (10)
S(€ap,t) > 0= S(Eap:t) <O = Vo >Vyp

S(€cy 1) >0=S(Bey 1) <O=Vig > Vg ot
11)

S(ap:t) <0 = S(ey,,t) >0V, <V

abref

S(ecq 1) <0=S(eg,t) >0=Vyg <Vig

From (9) it is possible to verify that the switching law is
V. and V4 dependent. On other hand, these voltages depend
on the switches states, as can be seen from (4) and (5).
Tables 1 and Table 2 show the obtained multilevel output
voltages for each possible switching state. As mentioned
before, with the proposed multilevel inverter it is possible to
obtain a seven level shaped output voltage wave, just before
the Le-Blanc transformer. So, considering the two inverter
outputs there are 49 possible combinations.

Table 1. Multilevel output voltage V. according the
switching states
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Table 2. Multilevel output voltage V. according the
switching states
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Fig. 4 shows the 49 space vectors that that can be obtained
with this inverter. Since the control and switching laws
depend on the output voltages, each combination must be
chosen in order to ensure (9) and (11).
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Fig. 4. Output voltage vectors of the proposed multilevel
inverter.

4. Simulation Results

The proposed power converter structure and control
system have been implemented in Matlab/Simulink and its
Sim Power System Toolbox. The multilevel operation of the
power converter can be seen in Figs. 5-7. Fig. 5 presents the
output voltage of the four-wire inverter that connects to
terminal b and the single-phase inverter that connects to
terminal a. Fig. 6 shows the output voltage of the single-
phase inverter that connects to terminal a and the four-wire
inverter. The output voltage of the multilevel power
converter Vg, is the association of those converters. Fig. 7
shows V,, voltage, that is the sum of the inverter voltages
that are presented in Figs. 5 and 6. From this last figure it is
also possible to confirm the multilevel operation of the
proposed power converter. Fig. 7 also allows confirming the
seven level shape of the output voltage waveform of full

power converter.
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Fig. 5. Simulation result of the output voltage of the four-
wire inverter that connects to terminal b and single-phase
inverter connecting terminal a.
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Fig. 6. Simulation result of the output voltage of the single-
phase inverter that connects to terminal a and four-wire
inverter connecting terminal b.
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Fig. 7. Simulation result of the output voltage Vab of the
multilevel inverter.

This power converter allows obtaining two output
voltages shifted by 90 degrees. The simulation result
presented in Fig. 8 shows the power converter output
voltages. From this figure it is possible to confirm the
expected output voltages.
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Fig. 8. Simulation result of the output voltages Vab and Vcd
of the multilevel inverter.

Fig. 9 shows the simulation result of the output currents
of the multilevel power converter. From this figure it is also

to confirm that these currents are 90° shifted. Le-Blanc
transformer allows obtaining a three-phase system from a bi-
phase system. Fig. 10 shows the simulation result of the Le-
Blanc output currents. From this result it is possible to
confirm the Le-Blanc transformer characteristics. Three-
phase output currents are obtained. It is also possible to
verify that these currents are balanced.

Current [A]

1 1 1 1 1 1 1 1 1
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Time [s]

Fig. 9. Simulation result of the output currents la and Ic of
the multilevel inverter.

Current [A]

| 1 1 | 1 1 1 | 1
0145 015 015 016 0165 017 0175 018 0.185 0.19
Time [s]

Fig. 10. Simulation result of the output currents IR, IS and IT
of the Le-Blanc transformer.

5. Experimental Results

In order to verify the effectiveness of the proposed
topology and respective control system, an experimental
prototype was implemented. In this way, several experiments
were conducted. The output voltage V,, of the multilevel
inverter is the result of the output voltages of the four-wire
inverter that connects to terminal b and the single-phase
inverter that connects to terminal a. Fig. 13 shows the
experimental result of the multilevel inverter output voltage
V. This voltage is the sum of the output voltages of the
four-wire inverter that connects to terminal b (Fig. 11) and
the single-phase inverter that connects to terminal a (Fig. 12).
From Fig. 13 it is also possible to confirm the multilevel
operation of the proposed power converter. As designed, this
inverter generates a seven level shaped output voltage wave.
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The output of the multilevel power inverter is connected
to the Le-Blanc transformer. In order to obtain an AC three
phase balanced voltage system, on the transformer grid side,
the power inverter must generate a 90° shifted two phase
balanced voltage system. Fig. 14 presents both power
inverters’ output voltages. It is possible to verify that the 90°
output voltages’ shifting condition is assured. Fig. 15
presents the output currents of the multilevel inverter. They
are balanced, nearly sinusoidal and also 90° shifted. The Le-
Blanc transformer’s output currents, injected into the grid,
are presented in Fig. 16.
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Fig. 11. Experimental result of the output voltage of the four-
wire inverter that connects to terminal b and single-phase
inverter connecting terminal a.

80
60

40

M

: WWMW

- |

Voltage [V]
o

-0

[ 5 10 15 20 F 30 3% 40 45 50
Time [s]

Fig. 12. Experimental result of the output voltage of the
single-phase inverter that connects to terminal a and four-
wire inverter connecting terminal b.
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Fig. 13. Experimental result of the output voltage V,, of the
multilevel inverter.

As can be seen, an AC three-phase balanced current
system is obtained. Figs. 15 and 16 clearly show the
advantage of using a Le-Blanc transformer converting a two-
phase supply into a three-phase grid connected power source.
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Fig. 14. Experimental result of the output voltages V4, and
V4 of the multilevel inverter.
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Fig. 15. Experimental result of the output currents 1, and I of
the multilevel inverter (100mV - 1A).
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Fig. 16. Experimental result of the output currents Ig, Is
and I+ of the Le-Blanc transformer (100mV - 1A).

6. Conclusion

A new power conversion structure for a grid-connected
photovoltaic system has been presented. This conversion
structure was developed for a multi-string technology
configured PV system. At the output of each PV array string
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is connected a DC/DC power converter with a MPPT
algorithm. To obtain an AC signal a DC/AC multilevel with
two single-phase voltage source inverters and a four wire
voltage source inverter is used. Considering distinct input
DC voltages for the two single-phase inverters and for the
four wire inverter, allows to extend the number of achievable
voltage levels at the multilevel inverter output. To achieve
this characteristic, the DC/DC power converter connected to
the single-phase voltage source inverter must generate a V
voltage, while the DC/DC power converter connected to the
four wire inverter must generate a 2V voltage. In this way, a
seven level shaped output voltage signal is obtained. The
multilevel inverter generates two 90° shifted output voltages.
To obtain a grid connected three phase balanced system Le-
Blanc transformer was used.

To control the proposed multilevel power converter a
sliding mode controller was used. At the output of this
controller it was used a vectorial modulator. To verify the
effectiveness of the proposed system, several experimental
results have been presented. From the obtained results it is
possible to confirm the proposed multilevel power converter
outputs a seven level voltage, and that the Le-Blanc
transformer allows a three-phase balanced system from a
two-phase system.

References

[1] European Commission, EU Energy Trends to 2030,
Luxembourg, Publications Office of the European Union,
accessedon:http://ec.europa.eu/energy/observatory/trends
2030/, 2010.

[2] E. Koutroulis, K. Kalaitzakis, N. C. Voulgaris,
“Development of a microcontroller-based, photovoltaic
maximum power point tracking control system”. IEEE
Transactions Power Electronics, vol. 16, No 1, pp. 46-54,
2001.

[3]1. Houssamo, F. Locment, M. Sechilariu, “Maximum
power tracking for photovoltaic power system:
Development and experimental comparison of two
algorithms”. Renewable Energy, vol. 35, No 10, pp.
2381-2387, 2010.

[4] 1. H. Altasa, A. M. Sharaf, “A novel maximum power
fuzzy logic controller for photovoltaic solar energy
systems”. Renewable Energy, vol. 33, No 3, pp. 388-399,
2008.

[5] Syafaruddin, E. Karatepe, T. Hiyama, “Polar coordinated
fuzzy controller based real-time maximum-power point
control of photovoltaic system”. Renewable Energy, vol.
34, no 12, pp. 2597-2606, 2009.

[6] C. Larbes, S. M. A. Cheikh, T. Obeidi, A. Zerguerras,
“Genetic algorithms optimized fuzzy logic control for the
maximum power point tracking in photovoltaic system”.
Renewable Energy, vol. 34, No 10, pp. 2093-2100, 2009.

[7]1 T. Tafticht, K. Agbossou, M. L. Doumbia, A. Chériti,
“An improved maximum power point tracking method
for photovoltaic systems”. Renewable Energy, vol. 33,
No 7, pp. 1508-1516, 2008.

[8] A. Chaouachi, R. M. Kamel, K. Nagasaka, “A novel
multi-model neuro-fuzzy-based MPPT for three-phase

grid-connected photovoltaic system”. Solar Energy
2010;84(12):2219-2229.

[9] N. Hamrouni, M. Jraidi, A. Chérif, “New control strategy
for 2-stage grid-connected photovoltaic power system”.
Renewable Energy, vol. 33, no 10 pp. 2212-2221, 2008.

[10] S-K Kim, J-K Jeon, C-H Cho, E-S Kim, J-B Ahn,
“Modeling and simulation of a grid-connected PV

generation system for electromagnetic transient analysis”.
Solar Energy, vol. 83, No 5, pp. 664-678, 2009.

[11] B. Yu, M. Matsui, Y. Jung, G. Yu, “A combined
active anti-islanding method for photovoltaic systems”.
Renewable Energy, vol. 33, No 10, pp. 979-985, 2008.

[12] A. Menti, T. Zacharias, J. Milias-Argitis, “Harmonic
distortion assessment for a single-phase grid-connected
photovoltaic system”. Renewable Energy, vol. 36, No 1,
pp. 360-368, 2011

[13] A. Nabae, 1. Takahashi, and H. Akagi, “A new
neutral-point  clamped PWM  inverter,” IEEE
Transactions Industry Applications, vol. IA-17, no. 5, pp.
518-523, Sep./Oct. 1981.

[14] T. A. Meynard, H. Foch, “Multi-level choppers for
high voltage applications,” European Power Electronics
Journal, vol. 2, no. 1, pp. 45-50, March 1992.

[15] Peter W. Hammond, “A New Approach to Enhance
Power Quality for Medium Voltage AC Drives”, IEEE
Transactions on Industry Applications, Vol. 33, No 1, pp.
202-208, January/February 1997.

[16] J. Rodriguez, J. S. Lai, F. Z. Peng, “Multilevel
inverters: a survey of topologies, controls, and
applications”. IEEE  Transactions on Industrial
Electronics, vol. 49, No 4, pp. 724-738.

[17] F-S Kang, S. E. Cho, S-J Park, C-U Kim, T. Ise, “A
new control scheme of a cascaded transformer type
multilevel PWM inverter for a residential photovoltaic

power  conditioning system”. Solar  Energy
2005;78(6):727-738.

[18] N. A. Rahim, J. Selvaraj, C. Krismadinata, “Five-
level inverter with dual reference modulation technique

for grid-connected PV system”. Renewable Energy, vol.
35, No 3, pp. 712-720, 2010.

[19] E. Beser, B. Arifoglu, S. Camur, E. K Beser, “A
grid-connected photovoltaic power conversion system
with single-phase multilevel inverter”. Solar Energy, vol.
84, No 12, pp. 2056-2067, 2010.

[20] S. Busquets-Monge, J. Rocabert, P. Rodriguez, S.
Alepuz, J. Bordonau, ‘Multilevel diode-clamped
converter for photovoltaic generators with independent
voltage control of each solar array”. IEEE Transactions
on Industrial Electronics, vol. 55, No 7, pp. 2713-2723,
2008.

[21] M. Calais, V. G. Agelidis, M. S. Dymond, “A
cascaded inverter for transformerless single-phase grid-

90



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Vitor Fernao Pires et al., Vol.2, No.1, 2012

connected photovoltaic systems”. Renewable Energy,
vol. 22, No 1-3, pp. 255-262, 2001.

[22] M. Calais, V. G. Agelidiss, M. Meinhardt,
“Multilevel converters for single-phase grid connected
photovoltaic systems: an overview”. Solar Energy, Vol.
66, no 5, pp. 325-335, 1999.

[23] J. Alonso-Martinez, J. Eloy-Garcia, S. Arnaltes,
Direct power control of grid connected PV systems with
three level NPC inverter. Solar Energy 2010;84(7):1175-
1186.

[24] A. Ruffer, Ch-B Andrianirina, “A symmetrical 3
phase 2-switch PFC-power supply for variable output
voltage”. EPE'95: European Conference on Power
Electronics and Aplications, 1995.

[25] S-R Huang, B-N Chen, “Harmonic Study of the Le
Blanc Transformer for Taiwan Railway’s Electrification

System”. IEEE Transactions on Power Delivery 2002;
17(2):495-499.

[26] E. Koutroulis, K. Kalaitzakis, N. C. Voulgaris,
“Development of a microcontroller-based, photovoltaic
maximum power point tracking control system”. IEEE
Transactions on Power Electronics, vol. 16, No 1, pp. 46-
54, 2001.

[27] Soares V, Verdelho P, Marques GD. “Active Power
Filter Control Circuit Based on the Instantaneous Active
and reactive Current id-iq Method”, Power Electronics
Specialists Conference, 1997:1096-1101.

[28] J. F. Silva “Sliding Mode Control Design of Drive
and Regulation Electronics for Power Converters”.
Special Issue on Power Electronics of Journal on
Circuits, Systems and Computers, vol. 5, No 3, pp. 355-
371, 1995,

[29] V. F. Pires, J. F. Silva, “Three-Phase Single-Stage
Four-Switch PFC Buck-Boost Type Rectifier”. IEEE
Transactions on Industrial Electronics, vol. 52, No 2, pp.
444-453, 2005.

[30] V. Utkin, “Variable structure systems with sliding
mode”. IEEE Transactions on Automatic Control, vol.
22, No 2), pp. 212-222, 1977.

[31] W. Gao, J. Hung, “Variable structure control: A
Survey”. IEEE Transactions on Industrial Electronics,
vol. 40, No 1, pp. 2-22, 1993.

91



