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Abstract
To reach the increasing demand for power quality and power rating along with lower harmonic distortion and lesser elec-
tromagnetic interference, the multilevel inverter is needed. Solar energy is one of the favorable renewable energy resources,
and the multilevel inverter has been proven to be one of the important enabling technologies in photovoltaic utilization. This
paper is based on the study of behavior of a nine levels NPC three-phase inverter topology interfacing multistring photovoltaic
system to the electric grid. This inverter is controlled by the pulse-width modulated strategy. Eight carrier waves of the same
frequency and different amplitudes are compared with two references (a sine wave and its opposite) for generating the control
signals of the switches. Some DC/DC boost converters are used to amplify the voltage produced by the photovoltaic genera-
tors. Each of these converters is controlled by a fuzzy Logic-based maximum power point tracking algorithm (FLBMPPTA)
in order to track the maximum power point of the GPV; results of simulation in Matlab environment are given and discussed.

Keywords Grid-connected photovoltaic system (GCPVS) · Multilevel three-phase NPC multistring inverter · Multicarrier
PWM · Fuzzy logic control · Medium voltage grid

1 Introduction

A multilevel inverter is a power electronic device built to
synthesize a desired AC voltage from several levels of DC
voltages. Such inverters have been the subject of research
in the last several years where the DC levels were con-
sidered to be identical in that all of them were capacitors,
batteries, solar cells, etc. [1]. It has gained much attention
due to its advantages in lower switching loss, better electro-
magnetic compatibility, higher voltage capability and lower
harmonics. Multilevel inverters include an array of power
semiconductors and capacitor voltage sources, the output of
which generate voltages with stepped waveforms. The com-
mutation of the switches permits the addition of the capacitor
voltages, which reach high voltage at the output, while the
power semiconductors must withstand only reduced volt-
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ages. Photovoltaic (PV), wind energy, and hydro-conversion
are the most explored technologies due to their considerable
advantages [2,3], such as reliability, reasonable installation
and energy production costs, low environmental impact, pos-
sibility to support micro grid systems and to connect to the
electric grid [4]. In this paper, we present a multicarrier
dual reference very low frequency three-phase neutral point
clamped (NPC) inverter designed for photovoltaic system
connected to a medium voltage grid. This inverter is con-
trolled by a pulse-width modulated (PWM) strategy based
on the comparison of several carrier waves with two refer-
ence signals, so more control signals are obtained. Instead
of a single photovoltaic generator at the input of the inverter,
we have a multiple continuous source which is composed
of several photovoltaic generators. Each of them consists of
NP branches, each of which is composed of NS solar panels
in series. Each generator of this source generates a voltage
which is amplified at the output bymeans of a dc/dc converter.
This converter is controlled by a fuzzy logic-basedmaximum
power point tracking algorithm (FLBMPPTA). The overall
system is shown in Fig. 1. The study is simulated in Mat-
lab/Simulink, and results are given and discussed.
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Fig. 1 Schematic diagram of
the overall PV system

Fig. 2 Equivalent circuit diagram of a PV cell

Fig. 3 Boost converter schematic

Fig. 4 Basic structure of fuzzy logic control

2 Modeling of the global grid-connected
photovoltaic system structure

Modeling the photovoltaic system is required as a crucial
step to describe the functioning of all the elements that are

all starting from the DC source and are arriving to the grid. It
predicts the conceptual and energy performance of PV sys-
tems connected to the grid in different climatic conditions
and under well-defined loads. Models of the various compo-
nents will be presented as follows:

2.1 The photovoltaic source model

As already mentioned, the photovoltaic source consists of 04
parts, each of them represents a partial photovoltaic gener-
ator. Each partial PVG generates at its output a DC voltage
which is then amplified by a DC/DC converter. Continuous
output voltages of the converters are then summed to obtain
an overall voltage that feeds the inverter. The equivalent cir-
cuit diagram of a PV cell is illustrated in Fig. 2.

The selectedmodel in thiswork is inspired from references
[5–7]. The advantage of this model can be established using
only standard data for the module and cells provided by the
manufacturer in the technical data (data and graphs). It is
independent of the saturation current IS of the diode (see
Fig. 2). Assuming RSH as infinite and its branch becomes an
open circuit, the current supplied by the solar module (IM)

in any condition is given by:

IM = ISCM

[
IPH
ISCM

−
{
exp

(
VM − VOCM + IMRSM

nV THM

)

− exp

(−VOCM
nV THM

)}]
(1)

where ISCM and VOCM are, respectively, the short-circuit cur-
rent and the open-circuit voltage of the solar module at the
standard test conditions (STC), IM and VM are, respectively,
the current and the voltage delivered by the solar module in
any condition, RSM is the series resistance of the solar mod-
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Fig. 5 Simulation scheme of one partial (PV) system

Fig. 6 Fuzzy logic MPPT

Fig. 7 PWM control

ule, VT HM is the thermal voltage of the solar module, and n
is the quality factor which varies typically from 1 to 2.

VOCM and ISCM are given by:

VOCM = VOCC × NSC (2)

ISCM = ISCC × NPC (3)

where ISCC and VOCC are, respectively, the short-circuit cur-
rent and the open-circuit voltage of the solar cell at the
standard test conditions (STC), NPC and NSC are, respec-
tively, the number of branches of cells in parallel in the solar
module and the number of cells in series in each branch.

The thermal voltage of the solar module is given by:

VTHM = VTHC × NSC (4)

where VTHC = KTC
q , which is the thermal voltage of the

solar cell.
The series resistance of the module is given by:

RSM = NSC

NPC
RSC (5)

where VTHC is the thermal voltage of the PV cell, RSC is the
series resistance of the PV cell,K is theBoltzmann’s constant
(K = 1.38 × 10−23 m2kgs−2 K−1), and q is the electrical
charge of the electron (q = 1.6 × 10−19 coulombs).

The open-circuit voltage of the PV cell is given by:

VOCC = VOCC−ref + β (T − Tref) (6)

where VOCC−ref is the open-circuit voltage of the PV cell in
standard conditions, Tref is the reference value of the tem-
perature (Tref = 25 ◦C), and β represents the temperature
coefficient of the short-circuit current (%/◦K).

The thermal voltage of the PV cell can be easily calculated
using the coordinates of themaximum power point of the cell
(VMPPC and IMPPC). The expression of VT HC is:

VTHC = VMPPC + RSC IMPPC − VOCC

Ln
(
1 − IMPPC

ISCC

) (7)

The current delivered by each PVG is given by the following
expression:

IM = NP ISCM

[
IPH
ISCM

−
{
exp

(
NSVM − NSVOCM + NP IMRSM

nNSVTHM

)

− exp

( −VOCM
nNSVTHM

)}]
(8)

123

Author's personal copy



2132 Electrical Engineering (2018) 100:2129–2145

Fig. 8 Membership functions of FLC

2.2 DC/DC boost converter and its control

2.2.1 DC/DC boost converter model

A boost converter (step-up converter) is a DC-to-DC power
converterwith anoutput voltage greater than its input voltage.
A schematic of a boost power stage is shown in Fig. 3. The
basic principle of a boost converter consists of two distinct
states.

(a) In the On-state, the switch “S” is closed and the state
space model of the DC/DC converter is presented by
Eq. (9).

⎡
⎣
dIL
dt

dVC
dt

⎤
⎦ =

[
0 0

0 1
RC

][
IL

VC

]
+

[ 1
L

0

]
Vin (9)

(b) In the OFF-state, the switch “S” is open and the state
space model of the DC/DC converter is presented by
Eq. (10).

⎡
⎣
dIL
dt

dVC
dt

⎤
⎦ =

⎡
⎣0 −1

L

1
C

−1
RC

⎤
⎦

⎡
⎣ IL

VC

⎤
⎦ +

⎡
⎣

1
L

0

⎤
⎦ Vin (10)
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Fig. 9 Diagram of the nine
levels NPC three-phase inverter

For a full period of operation (T), the space state model of
the dc/dc converter is presented by Eqs. (11) [8].

⎡
⎢⎣

dIL
dt

dVC
dt

⎤
⎥⎦ =

⎧⎨
⎩

⎡
⎣ 0 0

0 1
RC

⎤
⎦ D +

⎡
⎣ 0 −1

L

1
C

−1
RC

⎤
⎦ (1 − D)

⎫⎬
⎭

⎡
⎣ IL

VC

⎤
⎦

+
⎧⎨
⎩

⎡
⎣

1
L

0

⎤
⎦ D +

⎡
⎣

1
L

0

⎤
⎦ (1 − D)

⎫⎬
⎭ Vin (11)

D is the duty cycle which ranges from 0 (“S” is off) and 1
(“S” is on). We note that the continuous conduction mode is
considered for the operation of DC/DC converters.

2.2.2 Fuzzy logic MPPT control

The boost (step-up) DC/DC converter is modeled as a block
whose inputs are the voltage delivered by the solar panels and
the second input is the duty cycle D generated by the fuzzy
logic maximum power point tracking (FLMPPT) controller.

Introduced in 1965 with work of L. Zadeh, fuzzy logic
is involved in the handling of imperfect knowledge, and it
occurred as an effective alternative for systems of great com-
plexity or unfamiliar design [9]. It permits to define control
laws of any process starting from linguistic description of the
control strategy to be adopted. Fuzzy logic using controller
is a rule-based controller; it consists of an input, processing
and output stages [10].

The structure of a process controlled via a fuzzy controller
is shown in Fig. 4, which emphasizes the basic components
of a fuzzy controller: a fuzzification interface, a knowledge
base, a data base, inference procedure, and a defuzzification
interface [11].

2.2.3 Simulation of one partial system (photovoltaic
generator and DC/DC converter) with MPPT based on
fuzzy logic

The schematic of a partial photovoltaic generator connected
to the DC/DC boost converter is shown in Fig. 5:
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Fig. 10 Control circuit of one
arm of the inverter (Phase “a”)

Table 1 States of the switches
to generate the output voltage
“Va”

The states of the inverter arm switches for phase “a” The inverter out-
put voltage “Va”
(Volts)

The switches (S11, S12, S13, S14, S15, S16, S17, S18) are closed
Vdc
2

The switches (S′
11, S

′
12, S

′
13, S

′
14, S

′
15, S

′
16, S

′
17, S

′
18) are open

The switches (S11, S12, S13, S14, S15, S16, S17, S′
18) are closed

3
4
Vdc
2

The switches (S′
11, S

′
12, S

′
13, S

′
14, S

′
15, S

′
16, S

′
17, S18) are open

The switches (S11, S12, S13, S14, S15, S16, S′
17, S

′
18) are closed

1
2
Vdc
2

The switches (S′
11, S

′
12, S

′
13, S

′
14, S

′
15, S

′
16, S17, S18) are open

The switches (S11, S12, S13, S14, S15, S′
16, S

′
17, S

′
18) are closed

1
4
Vdc
2

The switches (S′
11, S

′
12, S

′
13, S

′
14, S

′
15, S16, S17, S18) are open

The switches (S11, S12, S13, S14, S′
15, S

′
16, S

′
17, S

′
18) are closed 0

The switches (S′
11, S

′
12, S

′
13, S

′
14, S15, S16, S17, S18) are open

The switches (S11, S12, S13, S′
14, S

′
15, S

′
16, S

′
17, S

′
18) are closed

−1
4

Vdc
2

The switches (S′
11, S

′
12, S

′
13, S14, S15, S16, S17, S18) are open

The switches (S11, S12, S′
13, S

′
14, S

′
15, S

′
16, S

′
17, S

′
18) are closed

−1
2

Vdc
2

The switches (S′
11, S

′
12, S13, S14, S15, S16, S17, S18) are open

The switches (S11, S′
12, S

′
13, S

′
14, S

′
15, S

′
16, S

′
17, S

′
18) are closed

−3
4

Vdc
2

The switches (S′
11, S12, S13, S14, S15, S16, S17, S18) are open

The switches (S′
11, S

′
12, S

′
13, S

′
14, S

′
15, S

′
16, S

′
17, S

′
18) are closed − Vdc

2

The switches (S11, S12, S13, S14, S15, S16, S17, S18) are open
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Fig. 11 Simulation scheme of the overall system

Fig. 12 Overall structure of the PV source with DC/DC converters

The MPPT controller based on fuzzy logic is shown in
Fig. 6.

The inputs to a MPPT fuzzy logic controller are error “e”
and “�e” defined by:

e(k) = P(k) − P(k − 1)

I (k) − I (k − 1)
(12)

�e(k) = e(k) − e(k − 1) (13)

where “e” is the error, “� e” change in error, “k” is the
discrete-time index, P(k) is the instantaneous power of the
PVG, and I(k) is the corresponding instantaneous current.
The output variable is the duty cycle D, which is transmitted
to the boost DC/DC converter. The MPPT control is fol-
lowed by thewell-known PWMcontrol which is described in
Fig. 7.

123

Author's personal copy



2136 Electrical Engineering (2018) 100:2129–2145

Fig. 13 Variable solar
irradiance

Fig. 14 Output filter, the load, and the grid

Fig. 15 Characteristics of each
photovoltaic generator under
standard test conditions (STC):
G = 1000W/m2 and T = 25 ◦C
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Fig. 16 Characteristics of each photovoltaic generator with MPPT under a variable solar radiation. a Current characteristic, b power characteristic

Fig. 17 DC/DC converter input
and output voltage for each part

Fig. 18 DC/DC converter input
and output power for each part

2.2.4 Membership function of FLC

The membership functions of fuzzy logic controller are
shown in Fig. 8.

TheMPPT using theMamdani FLC approach, which uses
the min–max operation fuzzy combination law, is designed
in a manner that the control task tries to continuously move
the operation point of the solar array as close as possible to

the maximum power point (MPP), and the defuzzification
uses the center of gravity method to compute the output of
this FLC.

2.3 The three-phase nine levels NPC inverter model

Figure 9 shows the diagram of the three-phase nine levels
NPC inverter with a capacitive divider at its input. It is com-
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Fig. 19 Duty cycle of each
DC/DC boost converter

posed of three arms; each one of them is composed of sixteen
IGBTs that are noted as “Si j .” The index (i) indicates the
phase: if i = 1, it means the phase “A,” i = 2 the phase “B”
and i = 3 the phase “C.” The index (j) indicates the switches
noted as: Si1, Si2, Si3, Si4, Si5, Si6, Si7, and Si8 form the upper
part of the arm in each phase and the switches noted as: S′

i1,
S′

i2, S′
i3, S′

i4, S′
i5, S′

i6, S′
i7, and S′

i8 form the lower part of
the arm in each phase. Each armof the inverter also comprises
fourteen clamped diodes, which are denoted “Di j .” The out-
put of the inverter is connected to the electric grid through
a filter. The NPC inverter can generate 09 voltage levels:
Four levels are positive, one level is zero, and four levels
are negative. The NPC inverter is composed of 48 switches,
hence the necessity de 48 control signals. These signals can
be generated by a PWM controller.

2.4 Control circuit of the inverter

The control circuit of the inverter is shown in Fig. 10. It
is based on the use of the PWM strategy in a closed-loop
current. This strategy consists in comparing eight carrier
signals of the same frequency ( fc = 400,Hz) with a sinu-
soidal reference signal. PI controllers are also used; they
are characterized by their coefficients Ki and Kp (Ki =
0.01; Kp = 0.01). A square signal is added. As has already
been mentioned, each arm of the inverter is composed of
sixteen IGBTs, hence the necessity of sixteen control sig-
nals. So for these control signals, a small Matlab program is
performed.

The states of the switches for generating the inverter output
voltage “Va” are shown in Table 1.

3 Simulation of the overall system

The diagram of the simulation is shown in Fig. 11.
The PV source is presented with the DC/DC converters as

shown in Fig. 12.

For a variable solar radiation, the signal builder block is
used to create a trapezoidal signal. So, the output signal of
this block is given as follows (Fig. 13).

The output filter and the grid are shown in Fig. 14.
The simulation results are summarized as follows.

3.1 Characteristics of the PV source

The photovoltaic source consists of four (04) parts. Each part
represents a photovoltaic generator consisting of NP parallel
branches (NP = 50) each of which contains NS modules in
series (NS = 80). The output voltage of each photovoltaic
generator is (17.3 × 80 = 1384V). This generator delivers
an output current, which is given by: 4.34 × 50 = 217A)
(Fig. 15).

TheMPP is obtained for (VMPP = 1384V, IMPP = 217A
and PMPP = 300 kW).

The characteristics of each photovoltaic generator with
MPPT, under a variable solar radiation, are presented in
Fig. 16.

The tracking of the maximum power point (MPP) using
fuzzy logic is shown in Fig. 16, and with the use of the button
(data cursor), the coordinates of the MPP,at 1000W/m2, are
illustrated.

3.2 Parameters of the DC/DC converter for each part

Figure 17 shows the input and the output voltage for the dc/dc
converter for each part.

The amplification voltage is very clear. The voltage value
of 1384V, generated by each PV source (under 1000W/m2),
becomes, according to equation (15) [12], equal to 3008V at
the output of DC/DC converters in series.

Vout
Vin

= 1

1 − D
(14)

(With duty cycle D=0.54).
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Fig. 20 Inverter output voltage
before and after the filter: a
Phase “a”, b Phase “b”, c Phase
“c”

Figure 18 shows the input and the output power for the
same converter:

3.3 Parameters of the NPC inverter

The duty cycle of each DC/DC boost converter is sketched
in Fig. 19.

It is clear that the duty cycle varies with the intensity of
the solar radiation. The results show that it reaches a value
of 0.54 for 1000W/m2.

Figure 20 shows the voltages at the inverter output before
and after the filter. For each phase, the voltage before filtering
has a shape of a staircase waveform, with a maximum value
(under 1000W/m2) of 6016V = Vdc/2.
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Fig. 21 One cycle of Inverter
output voltage before and after
the filter: a Phase “a”, b Phase
“b”, c Phase “c”

However, the voltage after filtering becomes a sine wave
that begins with a transitional phase of 0.03 s.

One period (for 0.50 < t < 0.52) is illustrated in Fig. 21
for each phase:

The currents obtained before and after filtering at the out-
put of the inverter are shown in Figs. 22 and 23.

One cycle of these currents is shown in Figs. 24 and
25.

The current shapes are sinusoidal with a substantially
maximum value of 110A.

When the grid is connected, the current wave forms are
presented as follows.

Figures 26, 27, and 28 show the output current of the
inverter for three phases “a,” “b,” and “c.” It is obvious
that in a radiation intensity (G = 1000W/m2) which is
a high intensity, the output current after the filter is the
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Fig. 22 Inverter output currents
before the filter

Fig. 23 Inverter output currents
after the filter

Fig. 24 One cycle of inverter
output currents before the filter
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Fig. 25 One cycle of inverter
output currents after the filter

Fig. 26 Inverter output current
for phase “a” (current after the
filter Ia, current injected in the
grid Ia−grid and current in the
load Ia−load)

Fig. 27 Inverter output current
for phase “b” (current after the
filter Ib, current injected in the
grid Ib−grid and current in the
load Ib−load)
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Fig. 28 Inverter output current
for phase “c” (current after the
filter Ic, current injected in the
grid Ic−grid and current in the
load Ic−load)

sum of the current in the load and that injected in the
grid.

Three cycles for the three-phase current, for a high inten-
sity of the solar radiation, are illustrated in Fig. 29:

In case where phase “a” is taken as an example (see dia-
grams in Fig. 30), the currents in this phase are given by the
Kirchhoff’s law as follows:

Ia = Ia−gird + Ia−load (15)

where Ia is the filtered inverter output current in phase “a,”
Ia−grid is the current in the grid, and Ia−load is the current in
the load.

According to these results, we distinguish the two follow-
ing cases:

a) First Case:

In this case, solar radiation is low (G<600W/m2), if we
consider the zoom in 0 <t <0.06 (see Fig. 30a).

We observe that it is the grid which feeds the load and
there is a current which passes through the loop 1©.

(b) Second case

In this case, solar radiation is high (G > 600W/m2), and
we clearly observe that it is the photovoltaic (PV) source
that feeds the load and simultaneously injects a current
into the grid (see Fig. 30b). We also observe that the
increase in the intensity of the solar radiation results in
an increase in the current at the output of the inverter and
consequently an increase in the intensities of the currents
in the load and in the grid

Therefore, to avoid the disturbances of the currents, it is
necessary to connect the electric grid to the (PV) source under
a constant solar radiation whose intensity is high (Fig. 31).

4 Conclusion

In this paper, the behavior of nine levels NPC three-phase
inverter topology interfacing photovoltaic system to the
medium electric grid under variable irradiance has been stud-
ied. Control of the NPC inverter was based on the PWM
strategywhich used eight carrier signalswith different ampli-
tudes, and with the same very low frequency of 0.4kHz.
MPPT fuzzy logic controller has been used, and it has been
shown to perform well under variable irradiance. The con-
nection of the (PV) system to the electrical gridmust bemade
under constant and high solar radiation. The results are quite
interesting. The efficiency of the inverter is very satisfying.
However, the disadvantages of this system are the presence
of a filter at the output, causing losses by Joule effect, and the
use of multiple carrier signals for the control of the inverter.
So to remedy this, it is preferable to use an inverter with
more than nine levels in order to avoid the filter, and reduce
the number of carrier signals in the control of the inverter.
Also, the PV system requires a large number of solarmodules
with a power of 75W which requires a large area to install,
so it is preferable to replace them by more powerful solar
modules.

In a future work, we can suggest firstly to change the
inverter topology with only IGBTs, which reduces the
number of switches in the inverter, secondly to choose a
multioutput DC/DC converter instead of several converters
DC/DC with a single output, and thirdly use this same topol-
ogy with a hybrid renewable energy source.
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Fig. 29 Three cycles for the
three-phase current (with grid
connected, for
G = 1000W/m2)

Fig. 30 Diagrams illustrating the directions of the currents in phase “a.” a For low solar radiation, b for high solar radiation
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Fig. 31 Zoom of currents in
phase “a”. a Zoom in
0 < t < 0.06s, b zoom in
0.5 s < t < 0.56s

Appendix

Parameters of ENIESOLAR module used in this work.
“ENIESOLAR” is a solar panel manufactured by the

company National Electronic Industries in Algeria, which
characteristics are given as follows:

Parameter Value

Maximal power 75W, +/− 10%
Short-circuit current ISC 4.67A
Open-circuit voltage VOC 21.6V
MPP voltage VMPP 17.30V
MPP current IMPP 4.34A
Minimum value of the fuse in series 10A
Number of cells in series 36
Number of cells in parallel 1
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