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Abstract- Photovoltaic Systems (PVS) connected to the electrical grid are characterized by strong non-linearity and multi-
variability, involving numerous factors of uncertainty, disturbance and climatic change. That's why this article proposes the use
of a Second-Order Sliding Mode Control (SOSMC) strategy to control a PVS via two conversion stages. The converter on the
Photovoltaic Generator (PVG) side is employed to Track the Maximum Power Point (MPPT) to generate maximum energy
from PVG. On the other hand, the grid-connected converter injects the power generated by PVG to the grid and regulates the
DC bus voltage (V) and is employed to attain the Unit Power Factor (UPF). The two converters use SOSMC controllers. The
implemented regulation technique allows for independent adjustment of active (P) and reactive (Q) power through components
of current in quadrature and direct, respectively. This study examines an SOSMC control approach to optimize the energy
efficiency of a PVS and improve its robustness in the face of changing climatic conditions. The system's performance has been
validated under standard and variable irradiation conditions. To implement and evaluate the proposed control over
Conventional Vector Control (CVC) under different conditions, this study used Matlab/Simulink environment. The simulation
results showed that the SOSMC contributes to improving the performance and efficiency of the system under different
situations. The proposed control reduced the active Power overshoot by 100% and the V. response time by 50% compared
with the CVC. In addition, it reduced the Total Harmonic Distortion (THD) of the current to 1.09%, compared with 2.19% for
the CVC.

Keywords: Current Vector Control, DC-DC Boost Converter, Electrical Grid, Photovoltaic System, Second Order Sliding
Mode Control.

1. Introduction

Over the past few years, progress in the utilization of
renewable and green energies has proved to be the main
solution to the problem of environmental pollution caused by
fossil energy, and a reduction in energy production [1].
Power generation systems based on renewable energies play
a major role in global energy production. Among the
renewable energy sources available, photovoltaic energy
emerges as the more favorable option due to its widespread
availability, environmental friendliness, and free availability
[2]. In comparison with other energy sources, Photovoltaic
Systems (PVS) are recognized as a major renewable energy
resource, primarily due to their high durability and
efficiency. Consequently, PV has imposed itself as a rapidly

developing energy source in the world. It is anticipated that
PVS could represent up to 30% of the global energy demand
by 2030, with even greater prospects for the future [3]. Thus,
this trend requires constant technological progress and
continuous optimization, aimed at improving options for
integrating energy into the power grid, reducing costs, and
improving the performance of solar panels [4]. As a result,
the majority of PV energy production installations have
undergone significant modifications in their operational and
control structures. Consequently, several researchers have
proposed various control configurations to enhance the
desired operational characteristics.

In the literature, the majority of articles on the subject of
grid-connected PVSs focus on inverter control. These
methods use Proportional-Integral (PI) controllers to control
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the DC bus Voltage (V4) and the current supplied to the grid
in order to ensure maximum active Power (P) transfer with
Unit Power Factor (UPF) [5]. To ensure the Maximum
Power Point (MPP) control, the Perturbation and
Observation (P&O) technique is commonly used for its
simplicity and acceptable results. But, it is important to note
that this technique can exhibit fluctuations around the
operating point and can lose this point during rapid
irradiation changes [6]. Furthermore, the increasing
integration of grid connected PVS has motivated numerous
researchers to examine the robustness and stability of these
systems. For example, in [7], the author proposed a control
for grid-connected inverter using a Model Predictive Control
(MPC). In [8], the combination of Fuzzy Logic Control
(FLC) and PSO algorithms improved MPPT compared to
P&O, this technique is a very robust strategy for minimizing
response time but its inconvenience is the complexity of its
realization. Another MPPT method, based on Neuro-Fuzzy
Logic (NFL), was introduced in [9] to improve output power
and minimize response time under variable climatic
conditions. In [10], MPPT is based on a First-Order
Proportional Integral Derivative (FOPID) controller to
eliminate disturbances affecting the output voltage. The
simulation results demonstrated the improved performance
and dynamic response of the system with this strategy
compared to classical command. In [11], Nonlinear Integral
Backstepping (NIB) is employed to control a PVS. The
results proved the efficiency of this strategy. However,
persistence of complexity problems results in higher energy
costs, which is undesirable. An intelligent MPPT approach,
combining neural networks and fuzzy logic for PVS control
is detailed in [12]. The advantage of this strategy lies in its
increased robustness and rapid dynamic response compared
to traditional methodologies. On the other hand, to control
non-linear Variable Structure Systems (VSS) and reduce
their complexity, First Order SMC (SMC) is widely
recognized as a more efficient control tool. This type of
control is particularly useful for PVS, due to its high
accuracy and robustness. Also, power converters are part of
VSS because their configuration is constantly changing due
to switches [13]. The idea behind SMC is to force system
states to converge on a predefined Sliding Surface (SS) that
is independent of system parameters and disturbances but
depends solely on the sliding coefficient. This simplifies the
design and decouples the state variables. It is on this surface
that system states exhibit desirable characteristics. Once the
system reaches this surface, the controller keeps it there
permanently [14]. However, the characteristics of the SMC
are not fully guaranteed due to the need to discretize the
control in discrete time, leading to reduced accuracy and
losses in power converters. Thus, it is necessary to make
improvements to the SMC, focusing on solving the above-
mentioned problems [15]. For this reason, numerous
improvements based on the classic SMC have been
suggested, including terminal SMC [16], integral SMC [17]
and SMC with observer [18] and SMC controller based on an
adaptive perturbing Fuzzy T-S approach (Fuzzy T-S SMC)
in [19]. [20] Presented SMC control for Single Ended
Primary Inductor Converter (SEPIC) at precise MPP tracking
and enhanced PVS robustness. The authors of [21] discussed

the Fractional Order SMC control to optimize the
performance of the power delivered by PMSG and regulate
the Vg This technique exhibits fast time response under
variable wind conditions. In reference [22], the author
presents an SMC controller using a two-power-law control
method, for PVS and battery-powered DC micro-grids.
Despite its advantages, SMC is not widely used in some
industrial applications due to the problem of chattering,
which reduces control accuracy. Although various
improvements have been proposed, a compromise between
chattering and steady-state error persists. While these
strategies offer many advantages, they also have
disadvantages, including power variations and high levels of
total harmonic distortion (THD). The advantages and
disadvantages of some of the above strategies are
summarized in Table 1.

Table 1: Comparison of some strategies used in PVS control.

Strategy Name Advantage Disadvantage
Fuzzy Logic robust for Complex hardware
Control (FLC) and | minimizing and programming
PSO [8] response time required
Neuro-Fuzzy rapid Oscillation near the
Logic (NFL)[9] convergence operating point
First-Order plus
Integ.ral Plus rapid dynamic large overrun
Derivative response
(FOPID)[10]
Nonlinear Integral Good . .
. higher construction
Backstepping performance costs
(NIB)[11]
SMC[22] Simple and chattering
inexpensive

In this context, the proposed Sliding Mode Control
(SOSMC) control was used to solve these problems in order
to optimize power management and improve the MPPT
process. Thus, the application of the SOSMC strategy is the
major contributions of this study. This controller is compared
to the classical SMC in terms of several performance criteria
( dynamic response, overshoot, chattering and THD) through
different test scenarios. The simulation results demonstrate
its effectiveness and robustness. Table 2 summarizes a
comparative study of the additions made by SOSMC
compared with classical SMC [16] [17] [18] [19] [20].

Table 2: Comparison of performance criteria for SOSMC and
SMC classic

Criteria SMC SOSMC

Improved response time - +

Stability at steady state

Minimize overshoot -

Eliminates chattering

robustness

+ [+
|+ +]+

Simple converter and filter design

Simplicité des calculs des gains + -

Note: (+) meets the criteria and (-) does not meet the criteria
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Therefore, the principal contributions of this work are as
follows:

- The proposed MPPT-SOSMC method integrates the
SOSMC algorithm to replace the traditional P&O controller
to improve the performance of MPPT technology under
climatic conditions of the PVS.

- Reduction of THD and response time of the current injected

into the grid using the SOSMC method developed.

- A comparison of results based on the proposed SOSMC

method and traditional CVC under different conditions.

- The SOSMC method developed reduces the "chattering"
effects of traditional SMC.

This article is organized as described in the following
paragraph: the first section introduces the work by presenting
its contribution and objectives. The PVG and PVS models
are presented in section two. The third part presents the DC-
DC converter and its SOSMC control system. The fourth
section presents the DC-AC converter and its SOSMC
control. The simulation results and analysis of the proposed
SOSMC method are explained in the fifth section, including
a comparison with the CVC technique. Finally, the sixth
section summarizes the overall conclusions of this study.

2. Overview of Grid-Connected Photovoltaic Systems

Figure 1 presents a diagram of a PVS connected to the
three-phase grid via two power converters. The first one,
functioning as a DC-DC converter in boost mode, is
specifically designed for regulating the power on for PVG
side. The second converter, a DC-AC converter acting as an
inverter, is mainly responsible for maintaining constant Vg,
synchronizing the power produced by the PVG and the grid,
while ensuring a UPF. The capacitor decoupling allows for
independent control of each power converter.

The PVG is formed by a set of PV cells linked together
in a series-parallel configuration. Its main function is to
generate electricity directly from sunlight. The corresponding
circuit of a single diode PV cell is shown in Figure 2. The
PVG is modelled using the following equations [23]:

I =1

pv ph

- Id - Ish (1)

The 14 flowing through the diode is given by:

1,=I, {Exp (ﬁ(\’m 1, R, )J -1} ®)

The equation 3 presents the saturation current Io:

[T p (4B )( L L
IO_I'{TJ Exp HA.KJ(Tr TH )

The expression for current I, is given by:

I
I,= scC

Exp| 9 Ve |4
N,.AK.T,

“)
L current is defined by:
va + Ipv R,
I, = Q)
sh
W o
Rs
I Ia Lsh
Irradiation ph A
— ) 4 Ray Vv
Temperature ?

Figure 1. Topology of PVS connected to Grid
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By replacing Eq. (2) and Eq. (5) with Eq. (1), the Ipy is
calculated by [24]:

VvV _+I R
— q A4 \ S
Ipv _Iph _Io |:EXp (m (va +Ipv 'Rs )j _1i| - [%] (6)

sh

The photocurrent I, influenced by the irradiance and
cell temperature, is given by:

Iph: [Isc +Ki'(T_Tr )}[EJ (7)
Gr

Where; I and I are the photocurrent and short-circuit
current, respectively (A), q is the electric charge , K is the
Boltzmann constant, K; is the current temperature coefficient
(A/°C), A is the cell's ideality factor , G is the irradiance at
the module surface (W/m?), G is the reference irradiance
(G=1000W/m?), T is the module temperature (K), T, is
temperature reference (293K),V,. is the voltage in open
circuit (V), Eg is the band gap energy (eV), Rs and Ry, are
the series and shunt resistors (€2), respectively. Ns is the
number of series cells.
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The Ipy generated by the PVG when several identical

a1
modules are linked in parallel (Np,), series (Ngs) or series- d_: = I [va' (1- (1)~VdCJ
parallel (Ns*Nyp) is defined as follows: (10)
v, 1 . Vi
= —. | (1-a).i.-
q V . I . 'RS dt CO R
L=N_,.I,-N_.I|exp| ——| —+-2—||-1
AT\ N, N, Where, V,y is the voltage delivered by PVG.
N, (V, L.,R, Equations (11) and (12) provide the expressions for the
R N_+N— (8) capacitance Cy and the inductance L, respectively [26].
sh ss pp
) L a. V. (1-o)
Figure 3 shows the effect of temperature and irradiance L= —F—W—— an
on the PVG parameters (I-V) and (P-V). Alpv- K
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Figure 3. P-V and I-V characteristics of PVG according to irradiation (a, b) and temperature (c, d)

3. Modeling and Control of the Boost Converter

3.1. Modeling the Boost Converter

The boost converter is used as an interface to adjust the
voltage between the PVG and the inverter. The proposed
control objectives are to maintain MPP and increase output
voltage. Figure 4 presents the schematic of the used boost
converter, where Ci,, L, Co, and R denote PVG rated
capacitance, inductance, DC bus capacitance and load,
respectively. The control determines the duty cycle a used
for switching the boost switch, as follows:

Figure 4. Boost Converter
_ Vdc _va

— 9
V,. ©) eV

= e 12
° AV, .F (12)

S

o

The characteristic equations of the boost converter, in

terms of current and voltage, are expressed[25]: Where Aip, and AV, are the ripples in input current and

voltage, respectively. F; is the boost switching frequency.
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3.2. SOSMC Controller Design

The objective of SOSMC is not only to reduce the SS
surface to zero, but also to cancel successive derivatives of
the relative degree (n) of SS with respect to the control input
[27]. The SS is expressed mathematically as follows:

SS=x,,-X
2 ol (13)
s USS_d'SS__dUss
dt dt dt”

Where x is the parameter to be regulated and X its reference

Well-known SOSMC algorithms include Torsion, Super
Torsion (STA), among which STA stands out because it
offers the possibility of using fixed switching frequencies
[27]. The SOSMC controller control, uc, is made up of two
components: the equivalent control component u.q and the
SOSMC algorithm term usosmc.

U, = Uy T Ugogue

(14)

Solving equation 15 allows us to determine the equivalent
control term Ueq

—=0 (15)
The expression for the term usosmc is given by:

Ugogme = WU, (16)

Where:

{ul =B,[SS["” . sign(SS) )

u, =B, [sign(88).dt
The tuning constants of the SOSMC controller, denoted

as P and B,, will be selected to ensure optimal operation of
the PVS.

3.1 SOSMC for Boost Converter
Starting from the P-V and I-V profiles of the PVG

shown in Figure 4, we can deduce that, when operating at
maximum power:

dP_ d(V. i di
p 40 1) pv):iv+vv- LR (18)
v, dv P MV

The surface SS is determined according to equation (19)
to reach the MPP [28].

dP,,
88 = (19)

pv

The equivalent control term u.q of the SOSMC controller
is determined bay solving the following equation:

dss _ dss di,

dt di,, dt

=0 (20)

The equation (10) can be written:

x= f(x)tg(x).u,, 2D
Where :
vpv_vdc &
ipv L L
X = ; fx)=| . and g(x)=| . 22
[v] O Ry | MEOT G Y
C,R C,

Finally, from equations (21) and (22) in equation (20),
we can deduce the equivalent term u.q as follows:

- (23)

dc

Integration of the term usosmc ensures that the PV'S stays
on the SS despite parametric variations and external
disturbances. Substituting equations (17) into (16), we get:

Usosye = By [SS[" - sign(SS) +B, - [sign(SS)-dt  (24)

The final expression of the proposed control signal is
given by:

u. =1-

\Y
VIW B 'lsslo.s ] sign(ss) +B, .Jsign(SS).dt
de

(25)

Figure 5 shows the boost converter control diagram using
the SOSMC method.

4. Modeling and Control Design on the Grid Side With
SOSMC

4.1. Modeling of the Inverter

The function of the inverter is to maintain V4. constant
and to regulate P and Q injected into the grid in order to have
a UPF in response to irradiation variations. Various strategies
are employed for inverter control. In this article, the SOSMC
command is used to control this inverter. A two-loop scheme
is therefore adopted [29]. The internal control loops regulate
the quadrature (iq) and direct (ig) currents, while the other
loop regulates the Vg4 and generate the reference source
current igrer. The circuit diagram of the inverter connected to
grid is shown in Figure 6. The analytical model of the three-
phase circuit is given by equation:
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1 u 1 e

d ia ! ua R ia ea

T | T U TR e |7 S 26

al L , (26)
lC uC IC eC

Where e, e, and e. represent the grid voltage

components, while u,, uy, and u. denote the inverter system
output voltages. Line currents are defined as i, i, and ic, L¢
and Ry are the inductance and resistance of the filter.

________________

SOSMC
for MPPT

SOSMC
for currents

The determination of the value of the inductance Lt is done
as follows [30]:

3. -V
L= 3m, V. @7
12-h-f - Ai,

Where, m, is the modulation index, h is overload factor
(h=1.2), f; is the inverter switching frequency, AiL is the
ripple of the nominal current (10%).

In a three-phase coordinate system, the variables
undergo changes, creating interdependence between them.
This poses challenges when designing the system controller.
To resolve this situation, a Park transformation is used to
transform the three-phase coordinates to two synchronous
d-q rotational coordinates [29]. The transition from equation
(27) to the d-q reference frame is as follows:

di 1 . .
d_td = L—f-(VCl Ry -ey)+ o
di 1 . .
d_tq = L—-(VCl -Rf.1q-eq)-0)1d

f

(28)

With w, the grid pulsation, ig and V4 are the direct term
of the current and voltage, iy and V are the quadrature term
of the current and voltage on the inverter side, ed and eq are
the direct and quadrature term of the voltage on the grid side.
The P and Q are given with:

P= %(Vd.id +V i, )

(29)
3 . .
Q= E(Vd.lq -V, iy )
Thus, the link current equation is defined by:
o= 1 - Iy, (30)

Where, iiny is the current of the transmission line on the grid
side, ip is the current of the transmission line on the boost
side, iqc is the intermediate circuit current.

According to Eq. (29), we can rewrite Eq. (30) as follows:

v, 3 . . .
0 dt = E(Vd.ld +\/q.lq) -1,
€1y
When the tension vector is aligned on the d-axis, then:
Vy=V and V, =0 (32)
Therefore, we can rewrite Eq. (28-29) as follows:
di, 1 . .
E = L_f(V - Rf.ld - ed)+ 1,
G, 1, . 33)
e —L—f( Rpi + eq)— ol
PZEV%
2
;3 (34)

P and Q can therefore be controlled by regulating iq and
ig. Thus, the iq reference (iq rer) is kept at zero to achieve
UPF, while iq reference (ig rer) is determined by the Vg
controller to regulate the P of the converter. The control
method involves two control loops, allowing for independent
regulation of P, Q and Vg. The Vg reference (Ve rer ) is
determined using the following equation [29]:
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v 22V,
deref J—
3-m,

Where Vi represents the line-to-line voltage of the grid.

(35)

4.2. SOSMC Controller Design

The aim of SOSMC control for inverter connected to
grid is to eliminate the chattering phenomenon generated by
conventional SMC thanks to an integral term of the current
error is added. The SS can be described as follows [30]:

SS,, =1 -1 (36)

dq-ref dq

To obtain switching close to the surface SS and ensure
excellent performance, the command u. is exeprimed by
[14]:

T Ugqsta (37)

Where ugq.q.¢qis computed from the equation:

uc_qu = uquAeq

dss
SS,, = dt‘“‘

=0 (38)

By applying equation (33), the temporal derivatives of SSq
and SS, can be evaluated as follows:

dSS; _ dig _di: dig —L(R.id +Loi, +V-e,)
dt dt dt dt L, !

dssS, di ., di, di_ 1 ) ) 39)
=1 1="2" _ _ (Ri -Loi,-e,)
dt d¢ d d L, ¢ !
From equation (39), ueq can be calculated as follows:
diy . .
u, = ——+R.i,-Loi +e
d-eq dt d q d (40)

u = Ri +Loite,

Furthermore, usra is employed to ensure the attraction of
the controlled variable towards the switching surface. usra
can be expressed as follows [30]:

Ugry = - 4 [SS|" - sign(SS) +z
z =-2,-sign(SS)

Where A; and A, are positive constants.

(41)

The final expressions of the proposed commands are:

di
Uy= %—F R><id' L(’Oiq+ € - 7"1><|Ssal|0l5 x sign(SSd)

- K2XJ.sign(SSd)th @)

u, = R, + Loi,+ e,-1,x[SS, " x sign (S8, )

- X4xjsign(SSq )th

Figure 7 presents the block diagram of the inverter
control using the proposed SOSMC method. The global
diagram of the PVS connected to the grid via an inverter is
illustrated in Figure 8, incorporating the advanced control
methods proposed. The Table 3 gives the PVS parameters.

e —p— Eqd0
1 g4 —>—

T
i
‘: Ueg-dg

Figure 8. Global schematic of a PVS connected to the grid

1000
¢ 800 |
:
§ 600 -
400
200 . : :
0 0.5 1 15 2 25 3 35 4
Time (s)
Table 3. PVS parameters
Parameter | Symbol | Value
Boost Converter
Capacitor for DC bus (uF) Co 2000
Input capacitor (uF) Cin 1000
Inductance of the boost (mH) L 3,5
Switching frequency (kHz) Fs 5
Filter
Inverter inductance (mH) L¢ 3
Inverter switching rate (kHz) Fan 5
DC bus voltage reference (V) Vic ref 700

5.The Simulation Results

The PVG used in this study is based on the "SunPower
SPR-305-WHT" module. This PVG offers a maximum
output of 100 kW at G=1000W/m? and T=25°C. At a light
intensity of 800 W/m?, the PVG's maximum power is 80 kW,
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and at G=400 W/m?, the PVG delivers 40 kW as maximum
power. Since temperature has a negligible impact on
maximum power, it is kept constant at 25°C. Model of PVS
is simulated using Matlab/Simulink under standard and real
environmental conditions. In this section, a comparative
study between SOSMC and conventional CVC is performed
to demonstrate the efficiency of the proposed technique.The
irradiation profile used is shown in Figure 9. The results for
the two methods are presented in Figures 10 to 15.

The Figures 10 and 11 illustrates, respectively, the P and
Q injected into the electrical grid using the SOSMC control
and conventional CVC method. It can be seen that powers
converge to its MPP value at each irradiation variation, with
great precision and rapid response. At G=1000W/m? the P
attains its maximum value supplied by the PVG (100 kW)
and the overshoot is 100% reduced, while Q remains at zero
(Q=0 VAR).

Most grid-connected SPVs use the CVC method to
control the power fed to grid. However, its disadvantage lies
in the presence of oscillations around the PPM and its
delayed response, resulting in energy loss. In contrast, the
SOSMC method demonstrates high performance in terms of
time to response, overshoot damping and reduction of
steady-state error.

12U §

100 |
80 | V
60 | f Y

20

P(CVC)
P(sOsSMC) | |
P{MMP}

P(kW)

05 1 15 2 25 3 35 4
Time (s)

Figure 9. Irradiation variations in W/m?

— Id(ref)
ld(cve)
1d(SOSMC)

Time (s)

Figure 10. P with SOSMC and CVC under real
conditions
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2
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Figure 11. Q with SOSMC and CVC under real conditions

To ensure high-quality energy transfer from the PVG to
the power grid, the Vg is regulated by an external loop to
maintain its reference value (Vg r = 700V). Figure 12
shows the dynamics of V. during irradiation variations. It is
clear that it precisely follows its reference value in a very
short time, and that the steady-state error is minimal for the
proposed SOSMC controller.

In Figure 13, the current ig accurately converges to its
reference value (iq r.f) more quickly under SOSMC control
than under CVC control when irradiation varies. This follow-
up means that current i is well maintained at its reference
(iq_ref = O)

900
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~ B00

Vde(CVC)
Vde(SOSMC)

‘ Vdofref)

8 500

>
400

300

200

100 | |
0.5 1 15 2 25 3 3.5 4
Time (s)

Figure 12. V. responses with SOSMC and CVC under real
conditions

Figure 14 shows the current injected into grid for a first
phase. It has a sinus wave form with a 50 Hz frequency, thus
ensuring a low rate of current harmonics. The figure also
shows that grid voltages and currents are in phase,
confirming the absence of Q injection into the grid and
ensuring a UPF. Figure 15 shows the results of Fast Fourier
Transform (FFT) analysis of the first-phase current
connected to the grid for the HVAC (Figure 15a) and
SOSMC (Figure 15b) controllers. The THD of the current for
the SOSMC is reduced to 1.09%, compared with 2.19% for
the CVC. These THD values show that the CVC technique
was affected by irradiation variations compared with
SOSMC. The method we have developed achieves a
significant reduction in grid current THD compared with
improved SMC techniques (see Table 4), which justifies its
robustness in the face of fluctuations.
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Figure 13. iq responses with SOSMC and CVC under
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Figure 14. Current responses I, of the first phase injected into
the grid with SOSMC control
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Figure 15. Fourier transforms analysis of grid-connected
current with CVC (a) and SOSMC (b)

Table 4: a comparative study between results obtained
from the proposed SOSMC and other methods already

1000
Frequency (Hz)

published

reference technique THD(%)

[14] FOSMC (SMC) 4.4

IC-SMC 3.27

[30] FL-SMC 3.12

RL-SMC 2.95

[28] DM-SMC 3.3

[31] SMC-IC-IPT 3.38

Proposed CvC 2.19

techniques SOSMC 1.09

5. Conclusion

This article presents a new SOSMC controller for
regulating a PVS in two distinct stages. First, on the Direct
Current (DC) side, the aim of the controller is to maximize
the power produced by the PVG under both variable climatic
conditions. Then, on the Alternating Current (AC) side, the
aim is to transfer this power to grid as a UPF. The SOSMC
controller based strategy is designed to improve PVS
performance over the conventional SMC strategy, by
reducing P and Q ripples. The results of the comparison
between the SOSMC and the CVC show that P overshoot is
reduced by 100% in the event of a sudden change in
irradiance and response time is minimized. In addition, it
reduced the THD of the current to 1.09%, compared with
2.19% for the CVC. Consequently, the SOSMC strategy
appears to be a promising solution for increasing the energy
efficiency of grid-connected photovoltaic systems.

Acknowledgements
N/A
Author Contributions

All authors were responsible for the conceptualization,
validation, resources, data curation, software development,
and project administration. They jointly contributed to the
methodology, formal analysis, investigation, original draft
preparation, review and editing, visualization, supervision,
and funding acquisition. All authors have read and agreed to
the published version of the manuscript.

Conflict of Interest

The author(s) declared no potential conflicts of interest
with respect to the research, authorship, and/or publication of
this article.

References

[1]B. Dubey, S. Agrawal, and A.K. Sharma, “Smart
inverter-based PV-STATCOM power Compensation
using BaPhin optimization Algorithm”, International
Journal of Renewable Energy Research (IJRER), vol. 13,
pp. 1015-1030, 2023.

[2] M. Yesilbudak and A. Colak, "Integration Challenges and
Solutions for Renewable Energy Sources, Electric
Vehicles and Demand-Side Initiatives in Smart Grids",
7th International Conference on Renewable Energy
Research and Applications (ICRERA), Paris, France, pp.
1407-1412, 2018.

[3] L. Colak, S. Sagiroglu, G. Fulli, M. Yesilbudak and C.F.
Covrig, “Performance A survey on the critical issues in
smart grid technologies”, Renewable and Sustainable
Energy Reviews, vol. 54, pp.396-405, 2016.

[4] M.Morey, N. GuptaM. Garg and A. Kumar, “A
comprehensive  review of  grid-connected solar

699



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

_» N. Ech-cherki et al., Vol.16, No.3, September 2026

photovoltaic system: Architecture, control, and ancillary
services”, Renewable Energy Focus, vol. 45, pp. 307-
330, 2022.

[5] O.Kaplan and F. Bodur, “Second-order  sliding mode
controller design of buck converter with constant power
load”, International ~ Journal of Control,vol. 96,
pp. 1210-1226, 2023.

[6] A. Merabet, L. Labib, A.M. Ghias, A. Aldurra and M.
Debbouza, “Dual-mode operation based second-order
sliding mode control for grid connected solar
photovoltaic energy system”, journal Electrical Power
and Energy Systems, vol. 111, pp. 459-474, 2019.

[71N.N.Nguyen, C. Minho Choi, L. Young , “Model
Predictive Control of a Grid-Connected Inverter with
LCL Filter using Robust Disturbance Observer”, IFAC-
PapersOnLine,Vol 52,pp. 135-140,2019.

[8] S. Samad, N. V. Dadfar, and H. Nakamura, “Variable
step size perturb and observe MPPT controller by
applying 6-modified krill herd algorithm-sliding mode
controller under partially shaded conditions”, Journal of
Cleaner Production, vol. 271, pp. 122-243, 2020.

[9] Harrag and S. Messalti, “IC-based Variable Step Size
Neuro-Fuzzy ~ MPPT  improving PV  System
Performances”; Energy Procedia, vol.157, pp.362-374,
2019.

[10] W. Zheng, Y. Chen, X. Wang, M .Lin, J. Guo, “Robust
fractional order PID controller synthesis for the first
order plus integral system”, Measurement and Control,
vol.56, pp.202-214, 2023.

[11] H. Armghan, M. Yang, M.Q. Wang, N. Ali and A.
Armghan, ‘“Nonlinear integral backstepping based
control of a DC microgrid with renewable generation
and energy storage systems ”, International Journal of
Electrical Power & Energy Systems,vol. 117, pp.
105613, 2020.

[12] M. Fathi and J.A. Parian, “Intelligent MPPT for
photovoltaic panels using a novel fuzzy logic and
artificial neural networks based on evolutionary
algorithms”, Energy Reports,vol. 7, pp. 1338-1348,
2021

[13] K. Reddy, V. Reddy and M. Kumar, “A Sliding Mode
Controller Approach for Three Phase Single Stage
Seven Level Multilevel Inverter for Grid Connected
Photovoltaic ~ System”, International  Journal  of
Renewable Energy Research (IJRER), vol. 10,pp. 1674-
1684, 2020.

[14] J.A Cortajarena, O. Barambones,P. Alkorta and J.
Cortajarena, “Sliding mode control of an active power
filter  with photovoltaic maximum  power
tracking”. International Journal of Electrical Power &
Energy Systems, vol.110,pp. 747-758, 2019.

[15] B. Guo et al, “A robust second-order sliding mode
control for single-phase photovoltaic grid-connected
voltage source inverter”, [EEE Access vol. 7, pp.
53202-53212, 2019.

[16] M. Zhou, H. Su, Y. Liu, W. Cai, W. Xu and D. Wang,
“Full-order terminal sliding-mode control of brushless

doubly fed induction generator for  ship
microgrids”, Energies, vol. 14, pp. 7302, 2021.

[17] H. Diab, A. A. Z. Ayalew, B. Yahaya, A. A.
Debbouza, M. Al Durra and A. Sumaiti, “Robust
controller for grid-tied PV inverters based on
continuous non-linear predictive and integral
SMC” IET Power Electronics, vol. 15, pp. 1772-1784,
2022.

[18] Y. Zhu and J. Fei “Disturbance observer based fuzzy
sliding mode control of PV grid connected
inverter”. [EEE Access,vol. 6,pp. 21202-21211, 2018.

[19] N. Priyadarshi, P.K. Maroti and B. Khan, “An adaptive
grid integrated photovoltaic system with perturb T—S
fuzzy based sliding mode controller MPPT tracker: An
experimental realization”, [ET  Renewable  Power
Generation, March 2023.

[20] A. Shahdadi, S. M. Barakati and A. Khajeh, “Design
and implementation of an improved sliding mode
controller for maximum power point tracking in a
SEPIC based on PV system”, Engineering Reports, vol.
1, pp. 2042, September 2019.

[21] M. A. Beniss, H.E. Moussaoui, T. Lamhamdi and H.E.
Markhi, “Improvement of Power Quality Injected into
the Grid by Using a FOSMC-DPC for Doubly Fed
Induction  Generator”, International ~ Journal  of
intelligent Engineering & Systems, vol. 14, 2021.

[22] T.K. Roy, M.A.H. Pramanik and S. Ghosh, “Design of
an integrated terminal-based sliding mode controller for
DC PV and BESS microgrids”, Energy Nexus, vol. 7,
pp. 100-130, 2022.

[23] L. Nassar-eddine, A. Obbadi, Y. Errami, A. El fajri, M.
Agunaou, ‘“Parameter estimation of photovoltaic
modules using iterative method and the Lambert W
function: A comparative study”, Energy Conversion
and Management, vol 119, pp. 37-48, July 2016.

[24] S. Srinivasan, R. Tiwari, M. Krishnamoorthy, M.
Lalitha and K. Raj, “Neural network based MPPT
control with reconfigured quadratic boost converter for
fuel cell application”, International  Journalnof
Hydrogen Energy vol. 46, pp. 6709-6719, 2021.

[25] N.Debdouche, L. Zarour, H. Benbouhenni, F.
Mehazzem and B. Deffaf, “Robust integral
backstepping control microgrid connected photovoltaic
System with battery energy storage through multi-
functional voltage source inverter using direct power
control SVM strategies”, Energy Reports, vol. 10, pp.
565-580, 2023.

[26] O. HENNI, B. Mustapha, H. Kamel and B. El Habib,
“Design and Implementation of a Low Cost
Characterization System for Photovoltaic Solar
Panels ", International Journal of Renewable Energy
Research (IJRER), vol. 7,2017.

[27] A. Merabet, L. Labib, A.M. Ghias,A. Aldurra and M.
Debbouza, “Dual-mode operation based second-order
sliding mode control for grid-connected solar
photovoltaic energy system”. International Journal of
Electrical Power & Energy Systems, vol. 111,pp. 459-
474,2019.

[28] W. Kantas, S. Mendaci, H. Benbouhenni, H. Gasmi
and T. Es-saadi, “Application of third-order sliding

700



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH
.~ N. Ech-cherki et al., Vol.16, No.3, September 2026

mode controller to improve the maximum power point [30] A. Bag, B. Subudhi “A combined reinforcement
for the photovoltaic system”, Energy Reports, vol. 9, learning and sliding mode control scheme for grid
pp. 5372-5383, 2023. integration of a PV system”. CSEE Journal of power
[29] E. Chetouani, Y. Errami, A. Obbadi, S. Sahnoun and and energy systems, vol. 5, pp.498-506, 2019.

B. Wadawa, “Nonlinear Backstepping with Integral [31] A. Bag,B. Subudhi and P.K. Ray, “An adaptive sliding
Action for Wind Power Plant Based on Doubly Fed mode control scheme for grid integration of a PV
Induction Generator Connected to the Non-Ideal Grid”, system”. CPSS Transactions on Power Electronics and
Technology and Economics of Smart Grids and Applications, vol. 3,pp. 362-371, 2018.

Sustainable Energy, vol. 7, pp. 4, 2022.

701



