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Abstract: In the last years, the increasing interest in substituting the conventional huge, centralized power generation systems 
with the distributed renewable energy sources has gained more attention; especially the photovoltaic (PV) distributed energy 
sources due to their various advantages and benefits. Besides, it becomes quite possible to produce a nearly sinusoidal output 
voltage waveform that satisfies the grid connection criteria by the use of multilevel voltage source inverters at the grid level. 
These types of inverters have known an important development that offers more advantages in comparison to their counterparts 
topologies where the produced ac output voltage is made up of several levels of voltages with lower THD content. In this context, 
a new power conversion structure is applied to the grid-connected photovoltaic systems where the three-phase three-level neutral 
point clamped (NPC) multilevel inverter is used. The modeling and the control of the grid-connected PV power system are 
investigated and each component of the system is presented and discussed in detail. The effectiveness of the proposed structure is 
checked with the obtained simulation results for the whole system using MATLAB/SIMULINK. 
 

1. INTRODUCTION 
Photovoltaic energy is considered the predominant and 

the main important renewable energy source because of its 
abundance, cleanness, ease of installation, and less 
maintenance [1]. However, the less efficiency of the 
photovoltaic (PV) panels and the high cost of the energy 
storage system restrains them from competing with the 
conventional energy sources. Accordingly, the performance 
of the PV systems still needs to be optimized. Among other 
ways, this can be done through the insertion of new 
topology converters to guarantee a real improvement in the 
efficiency of the PV system [2]. 

In the literature, several new power converter topologies 
have been developed to facilitate and encourage the 
integration of this type of energy source at all the network 
power system levels. Besides the generation of electrical 
energy, the electronics power based on high power 
conversion systems is mostly required to ensure the energy 
conversion and transmission under the suitable quality of 
energy [3], which in turn requires a high voltage rating 
semiconductor because of the high power which is needed. 
In the photovoltaic generation systems, the photovoltaic 
arrays (PVAs) are often connected in series with the 
conventional two-level inverter, where their mismatching 
reduces the generated power below its maximum point [4]. 
In order to overcome this deficit, these PVAs must be 
connected to a multilevel inverter. As part of the solution, 
the connection of PVAs to the three-level neutral point 
clamped [5] is suggested in this work where the pulse-width 
modulation control technology is used to independently 
control each of the voltages of the PVAs. Compared to the 
traditional two-level inverter system, the proposed method 
is intended to maximize the generated power of the system 
which will reduce the rated voltage of semiconductors, 
bound the output voltage distortion, and greatly improve the 
efficiency of the whole system. 

 

The cell temperature and solar radiation have an important 
role in defining the main output nonlinear characteristics of 
the photovoltaic arrays. These two factors have a significant 
impact on the maximum power delivered by the photovoltaic 
generator [6] while, under a given condition, the PVAs have 
a unique maximum power point (MPP) that can be reached. 
For tracking this point, a dc-dc converter with maximum 
power point tracking, based on a fuzzy logic controller, is 
used. The rest of the paper is structured into seven sections 
and a conclusion. The second section is dedicated to the 
presentation of the PV system modeling, the third section 
presents the modeling of the dc-dc converter, the fourth 
section focuses on the application of fuzzy logic for ensuring 
the MPPT control, the PV grid connection system based on 
the multilevel inverter is presented in the fifth section,  The 
presentation of the grid is explained in details in the sixth 
section, and section seven presents the simulation results and 
the discussions of the obtained results.  

2. PHOTOVOLTAIC MODEL 
The two-diode model of a solar cell is mainly composed 

of a light current source, two diodes, a series resistor, and a 
parallel resistor, as depicted in Fig. 1. 

 
Fig. 1 – Equivalent electrical circuit of a cell. 

The equation of the current-voltage characteristic of a 
solar cell is expressed as follows [7,8]: 

 (1) 

where I [A] is the solar-cell output current, Iph [A] is the 
light-generated current, V [V] is the solar cell output 
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voltage, Is1 and Is2 [A] are respectively the first and the 
second diode reverse saturation current, n1 and n2 are the 
ideality factors of the two diodes, q = 1.6.10-19 C is the 
electronic charge, k = 1.3807.10-23 J∙K-1 is Boltzmann’s 
constant, T [K] is the cell temperature, Rsh [Ω] is the shunt 
resistance and Rs is the series resistance [Ω]. 

3. BOOST TYPE DC-DC CONVERTER 
The intermediate stage between the photovoltaic generator 

(PVG) and the load presents a critical technological problem 
that limits the maximum generated power transfer between 
both sides. To overcome this problem, a power conversion 
interface system is used in this work; as a result, a controlled 
boost converter is chosen Fig. 2 [9,10]. 

When the main switch K of the used boost converter is 
turned on (conduction state or on the state), the current in the 
boost inductor L increases linearly, thus blocking the diode 
(blocked state or off state). When the switch K is turned off, 
the energy stored in the inductor is released through the diode 
D to the output RLoadC2 circuit. The voltage produced at the 
output level of the boost converter is smoothed by the 
capacitive C2 which corresponds to a low-pass filter and a 
nearly constant dc voltage is provided to the load [13,14]. 

4. FUZZY LOGIC MPP TRACKING CONTROLLER 
The PV panel producing the maximum power strongly 

depends on the irradiation level and the cell temperature. 
Therefore, the maximum power point must be continuously 
tracked [13–15].  

In addition to their multiple control applications, the 
fuzzy logic controllers (FLC) show interesting results in 
MPP tracking for PV systems. These kinds of controllers 
have some advantages compared to other used controllers 
in that their design is simple, their structure is robust, and 
they do not require a precise modeling system. However, 
complete information on the PV system operation is 
required by the designer to guarantee an optimal design. 
The fuzzy logic controller necessitates a definition of the 
main linguistic variables, such as PB (positive big), NB 
(negative big), ZA (zero approximately), NS (negative 
small), and PS (positive small) [7,15,16]. 

 
Fig. 3 –  Grid connection of two PV systems with a three-level 

converter. 

The two FLC input variables which are the discrete 
values of the error (E) and the change of error (CE) 
calculated at each sample time k are expressed as follows 
[13–15,17,18]: 

, (2) 

where P(k) is the discrete instantaneous power of the 
photovoltaic generator. 

 

Fig. 4 – Schematic diagram of the multilevel NPC three-level inverter. 

Different multilevel inverter topologies have been used in 
several high and medium power applications. However, the 
main three common basic topologies of multilevel inverters 
are the neutral-point clamped (NPC) multilevel inverters [20], 
the flying capacitor (FC) multilevel inverters [21], and the 
cascaded H-bridge (CHB) multilevel inverters [22]. In this 
work, a three-phase three-level NPC inverter is used. On the 
input side, the three phases are sharing the same dc-link 
supply which feeds two series of similar capacitors that 
include a common point "M" as shown in Fig .4. Each phase 
is presenting an arm; the arm is composed of four 
semiconductor switches that are divided into two sets (two 
half arms), the upper two and the lower two switches. The 
switch is composed of a transistor with an anti-parallel diode. 
For each phase, the midpoint of the lower set is connected to 
that of the upper one through two clamped diodes and the 
midpoint of these two diodes is connected to the common 
point of the series capacitors [5,7,23]. In this topology, the 
voltages across the two input capacitors must be kept 
symmetrical and equal to half the input dc voltage value 
representing the dc-dc boost converter output voltage. Indeed, 
each blocked transistor is subject to the voltage applied to the 
corresponding capacitor that equals half the input dc voltage. 
This can be considered an important feature of such inverter 
topology to be used in high-voltage high-power applications. 

The output voltages of the inverter referred to as the 
middle point M is defined as follows [5,20]: 

. (3) 

The simple output voltages are also defined as follows [5]: 
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. (4) 

The input currents of the inverter are given as follows 
[24]: 

. (5) 

The current id0 related to the common point of the series 
capacitors is defined by the following relation [5, 20]: 

, (6) 

where and  are the phases of the half arms 
connection function associated respectively to the upper 
and lower half arm [5,20]: 

, (7) 

where presents the number of the leg, . 
The switch Tij introduces a connection function Fij that 

describes its state, such as Fij = 1 when the switch Tij is on 
(closed) and Fij = 0 is the switch Tij is off (opened), 

. 
The space vector modulation (SVM) strategy is used in 

the control of the multilevel chosen inverter by the adoption 
of the two bipolar carriers. This strategy is characterized by 
two parameters [24, 25]: the modulation index m 
( ) and the modulation rate r (r = Vm/Upm). 

6. ELECTRICAL GRID MODELING 
The equivalent electrical circuit of the grid phase is 

shown in Fig. 5. 
This circuit is composed of three elements in series, a 

voltage source Vneti, an inductance Lnet and a resistor Rnet 
[25]. Based on Park components and the equivalent circuit, 
the grid voltage can be expressed in the d-q frame as 
follows [26]:  

 (8) 

where:  
-Vd and Vq are the inverter output voltage components of 

d and q axis, respectively; 
- Vdnet and Vqnet are the grid voltage components of d and 

q axis, respectively; 
- id and iq are the line current components of d and q axis, 

respectively; 
- Lnet and Rnet are the grid inductance and resistance, 

respectively. 

 
Fig. 5 – The equivalent electrical circuit of the grid phase. 

 
Fig. 6 – Grid current control by PI regulators. 

Active and reactive powers can be expressed as a 
function of the Park components of the grid voltages and 
currents by the following expressions [5,27]: 

. (9) 

Based on equation (9), it is possible to control the active and 
the reactive power supplied to the grid by setting the reference 
currents according to the following equation [12,27]: 

. (10) 

Reference currents can be gathered in one vector: 

. (11) 

The task of the dc-link voltage and the current control 
can be accomplished by using a Proportional-Integral (PI) 
controller, this choice has been carried out due to its good 
performance of the steady-state and dynamic behavior 
when used with the dc-ac converter [28]. Its transfer 
function can be expressed as follows: 

, (12) 

with 

, (13) 

where K is the controller gain, Ti is the integral action and 
Te represents the time constant required for the current 
controller 
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. (14) 

The coupling which exists between the two currents id 
and iq makes the control of the established model very 
complex. To overcome this problem, a decoupling of the 
two parameters by compensation is applied, it consists in 
adding the terms Lnetωiqref and Lnetωidref to the loop of the 
internal control. The control loops of the currents id and iq 
are presented in Fig. 6. 

7. SIMULATION RESULTS AND DISCUSSION 
The boost converter presented in this study is controlled 

by a Fuzzy Logic controller to ensure the tracking of the 
maximum power point, whereas the three-level inverter is 
used to ensure the grid connection of the PV system. The 
boost converter is controlled based on a space vector 
modulation strategy using two bipolar carriers. The PV 
system is composed of two photovoltaic arrays of 16 series 
solar panels that can provide a power of 1500W.  

 
Fig. 7 – Grid active power and the produced power by the PV system. 

 

Fig. 8 – Grid reactive power. 

 

Fig. 9 – Direct current. 

 

Fig. 10 – Direct voltage. 

 
Fig. 11 – Quadratic current. 

 
Fig. 12 – Quadratic voltage. 

 
Fig. 13 – Input current id0 of three – levels NPC inverter. 

 

Fig. 14 – Output current of three - level NPC-VSI (18 times) and the 
grid voltage (V). 
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From the acquired results, it can be observed clearly that 
the active power follows its reference perfectly, as shown in 
Fig. 7, and the reactive power fits correctly the requirement 
of the grid connection control which has been set to be null 
as depicted in Fig. 8. The currents id and iq reflect the 
behaviors of the active and reactive power, P and Q 
respectively, as illustrated in Fig. 9 and 11 whereas the 
corresponding voltages are presented in Fig. 10 and 12. 

 

 
(a) 

 
(b) 

Fig. 15 – Characteristics of three - level NPC-VSI. (a) The output 
voltage. (b) The harmonic spectrum of the output voltage. 

Practically, while the current id0 has a zero average value 
as depicted in Fig.13, which means that the two input 
voltages are maintained in balance and the midpoint M is 
effectively kept at a zero voltage. From Fig. 14, the shift 
phase between the grid current and the grid voltage is 
negligible, which means that the unity power factor is 
perfectly achieved. On the other side, the grid injected 
current is nearly sinusoidal, and the harmonics spectrum of 
the inverter output voltage is reduced (THD = 20.39 %), 
especially if the evaluation is considered for low harmonics 
order (components with less than 1 kHz) as illustrated in 
Fig. 15. In addition, it can be clearly noted that the other 
current harmonics can be damped easily by the insertion of 
an appropriate output filter which is in the present case an 
inductor providing the connection between the three-level 
NPC-VSI and the grid at the point of common coupling Fig. 
3. It can be said that the harmonics content in the current is 
practically neglected and the current THD is less than 4% 
which is aligned with the requirements of the standard. 

8. CONCLUSIONS 
This paper proposed a three-phase grid-connected 

photovoltaic system based on a three-phase three-level NPC 
multilevel to ensure the dc-ac conversion stage. Such 
topology is mainly used to achieve the requirements of the 
connection and the high-power transmission between the 

PV system power source and the main grid. This topology 
has remarkably proved its efficiency and suitability, and it 
offers several advantages compared to the conventional 
inverter topologies used in such applications, such as 
reduction of the output voltage harmonics, and unity power 
factor at the point of common coupling, and high 
efficiency. In addition, the integration of the fuzzy logic 
controller has clearly improved the overall system 
efficiency where the energy losses have been reduced 
during the frequent irradiation changes according to the 
main principle of the dc-dc converter control based on the 
MPPT algorithm. 

The obtained results show the effectiveness and the 
efficiency of the proposed structure, as well as its control 
system which has been tested. At the same time, it can be 
said that the eventual cascaded multilevel converter can be 
an attractive and suitable choice for grid-connected PV 
systems and carries a substantial solution for the high-
power application of the PV grid-connected systems.  
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