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Considering the environmental, economic, and political context, the 
integration of renewable energies in electricity production has become 
essential. Due to its many advantages, solar photovoltaic (PV) energy is one 
of the most promising solutions. However, the overvoltage of the distribution 
line network during high power periods and the mismatch between the 
moments of photovoltaic production and the moments of load consumption 
impose limits on the integration of photovoltaic systems. This paper 
proposes a new method to control the integration of photovoltaic systems 
connected to the grid. This paper proposes a new method of control of the 
boost chopper for the extraction of the maximum available power (MPPT) 
and an adequate control system of the inverter interfacing with the grid to 
solve the problems related to the power quality standards. Indeed, a 
Modified shuffled frog leaping algorithm (MSFLA) is used to efficiently 
determine the values of the sliding mode controller (SMC) parameters 
performing the MPPT task. In addition, the power flow direction is taken into 
account according to the system architecture to satisfy the grid connection 
through the coordinated active and reactive power control of the grid side 
inverter. The found simulation results validate the performance of the 
proposed control system. 
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1. Introduction 

*Due to the increase in electricity consumption 
and the continuous growth of the population, the 
demand for energy is increasing considerably. This 
has led to the use of alternative energy resources 
that are sustainable, in addition to fossil fuels (Li et 
al., 2022). Globally, many countries have made huge 
investments to promote the use of renewable energy 
(RE) to cover the maximum amount of consumption. 
Despite this progress, the renewable energy sector is 
still expected to grow continuously as it still has a 
low participation rate compared to other fossil fuels 
(Tang et al., 2021; Abbassi et al., 2013). Renewable 
energy resources mainly flow from the earth's 
ecosystem such as solar, wind, geothermal energy, 
etc (Hosseinpour et al., 2021). As a matter of fact, the 
amount of natural energy available on the globe is 
huge, and nowadays many technologies have 
become mature and efficient enough for the 
generation of electricity (Destek and Aslan, 2020). As 
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a matter of fact, the amount of natural energy 
available on the globe is huge, and nowadays many 
technologies have become mature and efficient 
enough for the generation of electricity and heat 
(Zhao et al., 2021). As a matter of fact, the amount of 
natural energy available on the globe is huge, and 
nowadays many technologies have become mature 
and efficient enough for the generation of electricity 
(Destek and Aslan, 2020). Renewable energy refers 
to the type of energy from natural and sustainable 
sources. The increasing importance of renewable 
energy stems from the environmental impact issues 
caused by fossil fuels which are exhaustible despite 
the fact that they are responsible for the generation 
of about 73.5% of the total energy production. In 
addition, due to the abundance, environmental 
safety, energy security, and commercial benefits, 
photovoltaic systems are particularly considered the 
most promising alternative (Hassan et al., 2020). 

Knowing that the global dependence on fossil 
fuels will not break immediately, so integration of 
renewable energy systems will minimize the 
environmental impacts of fossil fuels and achieve the 
desired goals of renewable energy, strategic plans 
for RE integration should be conducted (Li et al., 
2021). In line with the Saudi Vision 2030, a lot of 
work is being done to find alternatives to fossil fuels 
and generate electricity using renewable energy (Yin 
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et al., 2021). The National Renewable Energy 
Program (NREP) has been established to sustainably 
increase the share of renewable energy in Saudi 
Arabia's overall energy mix to 3.45 gigawatts by 
2020, or about 4% of Saudi Arabia's total energy 
production, and 9.5 GW by 2023, or about 10% of 
total energy production, with a planned investment 
of SR 59 billion (Amran et al., 2020). 

The electricity generation market based on 
photovoltaic generators has been growing rapidly 
for the past ten years. In this context, photovoltaic 
systems connected to the electricity distribution 
network are becoming increasingly important (Dutta 
and Chatterjee, 2017). Therefore, the quantification 
of the performance of the complete chain from the 
photovoltaic module to the power grid is essential 
for these applications. In particular, PV module 
performance is measured in terms of maximum 
power delivered under standard conditions (Abbassi 
et al., 2018a). However, from energy and financial 
point of view, it is the amount of energy delivered, 
depending on the location and implementation of the 
modules, that matters. This is why research on 
methods for predicting the behavior of solar 
modules under real sunlight conditions, and in terms 
of energy produced and/or average yield under real 
operating conditions, is particularly important. 
Numerous studies on the electrical behavior of PV 
modules have highlighted several factors that have a 
significant influence on the efficiency of the 
conversion of radiation into electricity: The level of 
incident illumination on the modules, the spectrum 
of this radiation, and the operating temperature of 
the photovoltaic cells (Abbassi et al., 2020; 2018c). 
In addition, extracting the maximum available power 
through a maximum power point tracking (MPPT) 
algorithm is an essential task to improve the 
efficiency of the photovoltaic conversion chain. 

In addition, the investigation of different 
problems related to photovoltaic applications has 
been the subject of various works. The common 
objective was to propose some solutions for the 
control of interfacing converters that may be present 
in a PV system connected to the grid. Indeed, the PV 
generator is subject to meteorological uncertainties 
(Hamidi et al., 2020; Hassan et al., 2020). To 
overcome these intermittent effects, the DC/DC 
boost converter must be controlled via an MPPT 
algorithm in order to eliminate the multiplicity of 
local power maxima that can cause a considerable 
drop in production (Latifi et al., 2021; 
Mohammadinodoushan et al., 2021). Such 
algorithms dedicated to finding a point of maximum 
power in cases where the illumination is non-
uniform are necessary. On the other hand, 
minimizing the adverse effects caused by the 
interactions between the grid impedance and the 
associated power electronics, on behalf of the 
inverter, needs to be addressed to overcome the 
stability issues related to disturbances generated by 
the end users connected to the AC grid that can cause 
the overall instability of the system (Abbassi et al., 
2018a). Similarly, the interaction of the power 

electronics with the passive RL, LC, or LCL 
interconnect filters, which causes stable or unstable 
limit cycles, must be addressed to ensure high 
quality of power via grid side inverter control 
interfacing with the grid (Abbassi et al., 2015). 

The rapid growth in the use of solar energy has 
provided consumers with a more secure supply 
while reducing the risk to the environment. 
However, the unpredictable nature of these sources 
requires that supply and/or grid regulations should 
be established for optimal system operation to 
overcome the major drawback of fluctuations in such 
a source regardless of the consumption profile (Saidi 
et al., 2016). However, these conversion systems are 
becoming more and more affordable and their 
important contribution to sustainable energy use 
still requires considerable development of storage 
technologies. This will open up a new field of 
application, especially due to the growth of 
electricity production from renewable energies, as 
well as decentralized production. 

Energy storage is becoming recognized as a key 
component of the modern energy supply chain due 
to its ability to improve grid stability, promote the 
penetration of renewable energy resources, increase 
the efficiency of energy systems, rationalize the use 
of exhaustible resources and reduce negative 
environmental impacts (Abbassi et al., 2019). In the 
literature, different energy storage technologies with 
different levels of technological maturity have 
already been proposed. Among them, a large family 
has already been proven in various commercialized 
applications (Abbassi et al., 2018b). Most of the 
research work on energy storage systems has 
attempted to provide a synthesis that offers a 
detailed analysis of the benefits of these systems and 
their actual performance for each application field. 

2. Modelling of the system 

The conversion of PV energy into alternative 
electrical energy suitable for the grid is essentially 
based on the following constituent elements: The PV 
module, the DC/DC converter controlled by the 
MPPT controller to bring the operating point of the 
PV system back to the maximum power point (MPP) 
and the grid side inverter which converts DC 
electrical energy into AC energy (Abbassi et al., 
2019). In turn, the inverter is responsible for 
performing the following tasks: 
 
 Adjust the AC output voltage to the maximum 

admissible value for the network. 
 Ensure perfect synchronization with the network. 
 Minimize phase shift. 
 Reduce the rate of harmonic frequencies in order 

to have an output signal close to the maximum of a 
sine wave. 

 Reduce electromagnetic interference. 
 Guarantee the high efficiency of the power 

transferred to the grid. 
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The structure adopted in this paper is shown in 
Fig. 1. It shows that the PV generator is connected to 

the network via a DC/DC boost converter, a DC bus, a 
three phase inverter, and a low pass filter. 
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Fig. 1: Grid-connected PV system 

 

2.1. Modelling of the PVG 

The two-diode electric model of the real PV cell is 
the one shown in Fig. 2 (Abbassi et al., 2018c), it 
contains: 
 
 A source of photo-generated current Iph. 
 Rs is a series resistance that simulates the 

impedance of electrodes and materials and volume 
resistivity. 

 Rp is a shunt resistance linked to edge effects and 
volume recombinations. 

 
The slopes of the current-voltage curve at points 

Voc and Isc represent the inverse of the series 
resistance (1/Rs) and the inverse of the shunt 
resistance (1/Rp), respectively. 
 
 Diodes D1 and D2. 

 

Iph D1 Rsh VPVD2

IPVRs

Id1 Id2 Ish

 
Fig. 2: Equivalent circuit of the practical double-diode 

model 
 

Taking into account the influence of 
meteorological conditions, materialized by the 
difference between the values of the ambient 
temperature and irradiation (T and G) and those of 
the temperature and irradiation of STC conditions 
(Tn and Gn), the current generated is (Abbassi et al., 
2018a): 
 

𝐼𝑃𝑉(𝐺, 𝑇) =
𝐺

𝐺𝑛

[𝐼𝑠𝑐𝑛 + 𝐾𝑖(𝑇 − 𝑇𝑛)] −

𝐼𝑠𝑐𝑛+𝐾𝑖(𝑇−𝑇𝑛)

𝑒𝑥𝑝(
𝑉𝑜𝑐𝑛+𝐼𝑠𝑐𝑛(𝑇−𝑇𝑛)

𝑛𝑁𝑠𝑘𝐵𝑇 𝑞⁄
)−1

. [𝑒𝑥𝑝 (
𝑣𝑃𝑉

𝑛𝑁𝑠𝑘𝐵𝑇 𝑞⁄
) − 1]                             (1) 

 

where, q is the charge of an electron, Ns is the 
number of PV cells in series, kB is the Boltzmann 
constant. Vocn is the open circuit voltage, Iscn is the 

cell’s short circuit current at STC and kν and ki are, 
respectively, their variation coefficients, n is the 
diode ideality factor. 

In order to calculate the current generated by a 
PV generator composed of Np panels connected in 
parallel and Nss panels connected in series, Eq. 1 
becomes: 
 

𝐼𝑃𝑉(G, T) =
G

𝐺𝑛
𝑁𝑝[𝐼𝑠𝑐𝑛 + 𝐾𝑖(𝑇 − 𝑇𝑛)] −

(𝐼𝑠𝑐𝑛+𝐾𝑖(𝑇−𝑇𝑛))𝑁𝑝

exp(
(𝑉𝑜𝑐𝑛+𝐼𝑠𝑐𝑛(𝑇−𝑇𝑛))𝑁𝑠𝑠

𝑛𝑁𝑠𝑁𝑠𝑠𝑘𝐵𝑇 𝑞⁄
)−1

. [exp (
𝑉𝑃𝑉

𝑛𝑁𝑠𝑁𝑠𝑠𝑘𝐵𝑇 𝑞⁄
) − 1]                 (2) 

 

The total power is: 
 
𝑃𝑃𝑉(G, T) = 𝐼𝑃𝑉(G, T). 𝑉𝑃𝑉(G, T)                                                (3) 
 

At this stage, the determination of the voltage of 
the maximum power point guarantees that the 
adjustment of the DC/DC chopper duty cycle is 
suitably done. 

2.2. MPPT control 

The MPPT controller is generally designed to deal 
with the constraints caused by climate change 
(Hamidi et al., 2020). The performance of this 
controller depends on how quickly to reach the point 
of maximum power, how to oscillate around that 
point, and how robust this controller is in the face of 
abrupt atmospheric changes such as partial shading. 
Since the MPPT technique is the focus of various 
works, the present work has given it paramount 
importance to improving the dynamic performance 
of the PV system. The criteria for judging 
performance are primarily related to the ability to 
rapidly pursue the global power point (GMPP) in the 
presence of other local maximums during partial 
shading (Abbassi et al., 2020). 

In this work, the MPPT technique used is the one 
called Modified shuffled frog leaping algorithm 
(MSFLA)-Sliding Mode Controller (SMC) 
(Mohammadinodoushan et al., 2021). The flowchart 
of MSFLA is shown in Fig. 3. The MSFLA is combined 
with the SMC theory to perform the MPPT task. In 
fact, the MSFLA allows effectively determining the 
values of the SMC parameters. 
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Fig. 3: The MSLFA flowchart (Mohammadinodoushan et al., 2021) 

 

3. DC-AC control strategy 

3.1. Internal and external control loops 

The DC/AC is responsible for the interface 
between the DC bus and the three-phase AC 
network. This VSI type converter must also take care 
of the control of active and reactive power by acting 

on the voltages and currents injected at the PCC 
point. This type of control is necessarily ensured by 
internal loops for the currents and external loops for 
the voltages since the dynamics of the currents are 
faster than that of the voltages (Abbassi et al., 2019). 
Fig. 4 illustrates the developed control scheme. 

 

 

*id KIidKPid
s



i
d

*iq

iq

KIiq
KPiq

s


vq

v
d

*
v q

*v
d

.L

.L
*v

*v

je 

Sa

Sb

Sc

*Q

Q

Unity Power 

     Factor PI

dcV
*
dcV

PI

 
Fig. 4: Block diagram of the DC-AC converter PI control 

 

The control of currents and voltages can be 
provided according to state variables or by means of 
a cascade structure thanks to the ability of the 
converter to be used as a controlled current source 
or as a controlled voltage source (Dutta and 
Chatterjee, 2017). The double loop control is the 
most used. The control is done by the dynamic 
response of the internal current loop controller 
which is fast.  

The dynamic response of the external voltage 
loop controller is slower and is reserved for different 
control purposes and to produce the internal 
reference signal. In what follows, the control strategy 
of the inverter will be discussed. In the three-phase 
diagram of the inverter presented in Fig. 1, the grid 
voltages are: 𝑣𝑎(𝑡), 𝑣𝑏(𝑡)and 𝑣𝑐(𝑡), the currents 
injected into the grid are 𝑖𝑎(𝑡), 𝑖𝑏(𝑡)and 𝑖𝑐(𝑡) and the 
voltages at the inverter output are 𝑣𝑖𝑜−𝑎(𝑡), 
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𝑣𝑖𝑜−𝑏(𝑡)and 𝑣𝑖𝑜−𝑐(𝑡). The resistance and the 
inductance of the filter are indicated, respectively, by 
R&L (Abbassi et al., 2018b). 

Based on the fact that in grid-connected mode, 
the frequency and voltage at the interconnection 
point are imposed by the electrical grid, we express 
the following grid voltages: 
 
𝑣𝑎(𝑡) = 𝑉𝑚. 𝑠𝑖𝑛(𝑤. 𝑡) 

𝑣𝑏(𝑡) = 𝑉𝑚. 𝑠𝑖𝑛 (𝑤. 𝑡 −
2⋅𝛱

3
)                                                        (4) 

𝑣𝑐(𝑡) = 𝑉𝑚. 𝑠𝑖𝑛 (𝑤. 𝑡 +
2 ⋅ 𝛱

3
) 

 

By applying Kirchhoff's law of voltages, we obtain 
the following differential equations for the three 
phases. 
 

𝑣𝑖𝑜−𝑎(𝑡) − 𝑣𝑎(𝑡) − 𝑅. 𝑖𝑎(𝑡) − 𝐿.
𝑑

𝑑𝑡
𝑖𝑎(𝑡) = 0 

𝑣𝑖𝑜−𝑏(𝑡) − 𝑣𝑏(𝑡) − 𝑅. 𝑖𝑏(𝑡) − 𝐿.
𝑑

𝑑𝑡
𝑖𝑏(𝑡) = 0                         (5) 

𝑣𝑖𝑜−𝑐(𝑡) − 𝑣𝑐(𝑡) − 𝑅. 𝑖𝑐(𝑡) − 𝐿.
𝑑

𝑑𝑡
𝑖𝑐(𝑡) = 0 

 

To ensure regulation of the currents and voltages 
at the output of the inverter, the expressions for the 
voltages in the Park synchronous reference frame 
must be set as follows: 
 

𝑉𝑑(𝑡) = √
2

3
⋅ (cos(𝜔 ⋅ 𝑡). 𝑣𝑎(𝑡) + cos(𝜔 ⋅ 𝑡 −

2 ⋅ 𝛱

3
). 𝑣𝑏(𝑡)

+ cos(𝜔 ⋅ 𝑡 +
2 ⋅ 𝛱

3
). 𝑣𝑐(𝑡)) 

𝑉𝑞(𝑡) = √
2

3
⋅ (−sin(𝜔 ⋅ 𝑡). 𝑣𝑎(𝑡) − sin⁡(𝜔 ⋅ 𝑡 −

2⋅𝛱

3
). 𝑣𝑏(𝑡) −

sin⁡(𝜔 ⋅ 𝑡 +
2⋅𝛱

3
). 𝑣𝑐(𝑡))                                                                (6) 

𝑉𝑜(𝑡) = √
2

3
⋅ √

1

2
(𝑣𝑎(𝑡) + 𝑣𝑏(𝑡) + 𝑣𝑐(𝑡)) 

 

Here, the use of the Park transform allows us to 
obtain constant quantities in the rotating reference 
frame (d, q) from sinusoidal three-phase quantities. 
Indeed, we have used the following transformation 
matrix for voltages and currents: 
 

[

𝑉𝑑⁡(𝑡)
𝑉𝑞⁡(𝑡)

𝑉0⁡(𝑡)

] =

√
2

3
⁡ .

[
 
 
 
 cos(𝜔. 𝑡) cos(𝜔. 𝑡 −

2𝜋

3
) cos(𝜔. 𝑡 +

2𝜋

3
)

−sin(𝜔. 𝑡) −sin(𝜔. 𝑡 −
2𝜋

3
) −sin(𝜔. 𝑡 +

2𝜋

3
)

1

√2

1

√2

1

√2 ]
 
 
 
 

[

𝑣𝑎⁡(𝑡)

𝑣𝑏⁡(𝑡)
𝑣𝑐⁡(𝑡)

]     

                                                                                                            (7) 
 

In a later phase, the Concordia transform which 
allows having the quantities in the stationary 
reference frame is used. This transformation 
corresponds to the Park matrix with a zero angle. 
The reference voltages of axes (d, q) are then 
rewritten in the stationary reference frame of 
Concordia with the following relationship (Abbassi 
et al., 2018b): 
 
𝑉𝑖∘−𝛼

∗ (𝑡) + 𝑗. 𝑉𝑖∘−𝛽
∗ (t)) = 𝑒𝑗.𝜃 . (𝑉𝑖∘−𝑑

∗ (𝑡) + 𝑗. 𝑉𝑖∘−𝑞
∗ (𝑡))         (8) 

 

Similarly, the transformation of the voltages 
vector at the output of the inverter 𝑣𝑖∘−𝑎,𝑏,𝑐(𝑡) and 

the currents vector 𝑖𝑎,𝑏,𝑐(𝑡) in Park's rotating 

reference frame allows us to rewrite the previous 
relationship that becomes:  
 

𝑉−𝑖∘−𝑑𝑞(𝑡) − 𝑉−𝑖∘−𝑑𝑞(𝑡) − 𝑅. 𝐼−𝑑𝑞(𝑡) − 𝐿.
𝑑

𝑑𝑡
𝐼−𝑑𝑞(𝑡) −

𝑗. 𝜔. 𝐿.
𝑑

𝑑𝑡
𝐼−𝑑𝑞(𝑡) = 0                                                                     (9) 

 

In an attempt to generate the 𝑉𝑖∘−𝑑 and 𝑉𝑖∘−𝑞 

components of the inverter output voltages, a space 
vector PWM control block uses the reference signals 
of these voltages in the stationary reference frame 
(α, β). The reference signals of the voltages are 
obtained according to Fig. 4. 

4. Results and discussion 

For the first simulations presented by Figs. 5, and 
6, the I-V and P-V characteristics are shown 
respectively. They were done under ideal conditions 
commonly known as standard test conditions. These 
ideal conditions refer to specific situations where the 
illuminance is 1000 w/m2 and the temperature is 
25°C. 

 

 
Fig. 5: I-V characteristic in STC 

 

The power curve of a GPV passes through a 
particular maximum power point (MPP) which 

depends on the changes in the weather conditions. 
Thus, the DC-DC converter is integrated to allow the 
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modification of the panel's operating point thanks to the MPPT control. 
 

 
Fig. 6: P-V characteristic in STC 

 

The effect of the irradiance variation on the I-V 
characteristic is shown in Fig. 7. It is clear that the 
current varies strongly with irradiance variation 
while the voltage varies weakly with such variation. 

This is justified because the short circuit current is a 
linear function of the irradiance while the open 
circuit voltage is a logarithmic function. 

 

 
Fig. 7: Effect of the irradiance variation on the I-V characteristics 

 

The effect of illumination variation on the P-V 
characteristic is shown in Fig. 8. It is clear that as 

proportional to the current, the power is clearly 
sensitive to the variation of the illumination. 

 

 
Fig. 8: Effect of the irradiance variation on the P-V characteristics 

 

By examining the effect of temperature on the I-V 
characteristic and unlike the proportionality of the 
short circuit current to the incident solar radiation, 

the open circuit voltage increases rapidly as the 
temperature decreases (Fig. 9).  
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Fig. 9: I-V characteristic in STC 

 

It is clear from the previous simulations that the 
power output of the PV generator depends directly 
on solar irradiance and temperature. Indeed, with 

the change in the weather conditions, the point of 
maximum power (MPP) changes clearly. Fig. 10 
shows the P-V characteristic in STC. 

 

 
Fig. 10: P-V characteristic in STC 

 

Therefore, the DC/DC converter is integrated to 
ensure the maximum power available regardless of 
the variable and unpredictable weather conditions. 

In the following, the study focuses on the 
performance evaluation of the photovoltaic system 
connected to a balanced three-phase grid through a 
DC bus. In particular, two levels of control of the 
power electronics converters have been developed 
under the Matlab/Simulink environment to benefit 
the most from this type of fluctuating and 
unpredictable source and to push its efficiency for 
grid-connected applications. In fact, the first level of 
study has been related to the control of the DC-DC 
chopper which is responsible for the extraction of 

the maximum of the available power, while the 
second level has been given to the control of the DC-
AC inverter which interfaces with the connection 
network and which takes care of the control of the 
electric quantities exchanged with the power 
network and of the power quality.  

The PV system is formed by a PV generator 
constituted by the association of 60 panels of type 
GT PV 216 poly with a peak power of 216 W. For the 
simulations performed, the insolation profile is 
shown in Fig. 11. Abrupt variations of this parameter 
are assumed to judge the performance of the 
adopted control systems. 

 

 
Fig. 11: Irradiance variations 
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As a result of the MPPT control of the DC-DC 
boost converter and the control of the DC-AC 
converter on the grid side, we have simulated the 

temporal evolutions of the generated electrical 
quantities. Initially, the voltages at the grid 
connection point are shown in Fig. 12.  

 

 
Fig. 12: Grid voltages 

 

As shown in Fig. 13, the currents generated by the 
inverter vary depending on the variation of the 

irradiance. In fact, the amplitude of the currents 
shows the same trend as that of the solar irradiance. 

 

 
Fig. 13: Grid side currents 

 

The zooms made show more clearly that the 
generated currents are perfectly balanced. Moreover, 
the amplitude of the currents reflects the power 

generated by PV. Fig. 14 shows zooms of the grid 
currents. 

 

 
Fig. 14: Zooms of the grid currents 

 

Regarding the active and reactive powers injected 
into the electrical grid, their curves are shown in 
Figs. 15a, and 15b, respectively. It is shown that the 

active power varies in dependence of the irradiance 
and the power of the PV generator as long as the 
reactive power is zero. 
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Fig. 15: Grid (a) active and (b) reactive powers 

 

It is shown in Fig. 15 that the active power varies 
in dependence on the irradiance and the power of 
the PV generator as long as the reactive power is 
zero. 

5. Conclusion 

The presented work focused on the modeling and 
simulations of the components of a photovoltaic 
system connected to the electrical grid. In particular, 
the control of the step-up DC/DC converter has been 
highlighted by the MPPT technique. In addition, the 
control of the DC/AC inverter responsible for the 
connection to the electrical grid was provided by the 
SVM vector modulation technique. The analysis of 
the simulation results allowed us to evaluate the 
influence of the external weather conditions on the 
operation of the solar photovoltaic system and its 
control aspects. Also, insight into the problems and 
difficulties related to grid-connected photovoltaic 
systems has been investigated. Future horizons can 
be opened by the combination of the PV system with 
other renewable sources such as wind systems. 
Moreover, the integration of a storage system can 
also be a reliable solution to the intermittency of PV 
energy sources. 
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