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To get the maximum power point (MPP), the algorithms developed in the literature fail for the most part when the atmospheric
conditions vary rapidly. This paper presents the optimization by the swarm particles (PSO) of a sliding mode controller (SMC)
to optimize photovoltaic systems (PV) evolving under the conditions of a rapid variation of the sunshine. The stochastic PSO
algorithm is used in particular to determine the optimal gains of the sliding mode controller, and this algorithm guarantees the
stability and global fast convergence of the system. Efficiency of the proposed hybrid algorithm is proved by using a Solarex
MSX-60 module connected to a step-up DC-DC converter supplying a resistive load. The performances are compared to the
conventional perturb and observe technique (P&O), PSO, CUCKOO, grey wolf optimization (GWO), and Whale Optimization
Algorithm (WOA) in terms of convergence speed, i.e., 0.05 s, tracking speed after extreme change in irradiance 0.03 s, high
Ability to track large changes in power before 1 s. Simulation results show that this technique is effective in conditions of a rapid
variation of the irradiance.

1. Introduction

Growing concerns about environmental issues and the
energy crisis have attracted many interests towards renew-
able energy sources. Among these sources, the photovoltaic
(PV) application received special attention due to the distinc-
tive advantages such as ease of allocation, reliability, low
maintenance, zero fuel, and noise. In addition to these fac-
tors, there are the falling costs and prices of solar modules,
the efficiency of solar cells, and improved manufacturing
technology. However, these advantages have long been inhib-
ited by the complexity of its operation. This is because PV
modules have nonlinear characteristics which are deter-
mined by solar irradiance and temperature which affects
the overall output power of the system [1, 2].

In fact, the irradiance and the temperature of the cell are
the factors, which strongly influence the output I-V charac-
teristic of the photovoltaic generator [3]. On the other hand,
the constant concern of industrial environments, research
laboratories, and homes is to have the maximum available
power in a short time and whatever the atmospheric condi-
tions. To account for this nonlinearity, researchers to
increase the efficiency of the system implemented maximum
power point tracking (MPPT) techniques. This in-depth
research aimed at increasing the energy efficiency of PVS sys-
tems has led to the development of MPPTs (Perturb and
Observe [4, 5], conductance increment [6–8], fractional short
circuit current [9], fractional open-circuit voltage [10], syner-
gistic nonlinear fractional control [11], and model predictive
control [12]) proposed over the past two decades. The best
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known MPPTs methods are Perturb and Observe and Incre-
ment Conductance [13]; they have several advantages such as
simplicity of structure, low cost, smooth implementation,
and fewer parameter measurements. However, these
methods fail to locate the point of maximum power under
rapidly changing environmental conditions [14]. The limita-
tion of conventional algorithms is overcome by modern
MPPT methods such as Modified incremental conductance
[15], gray wolf optimization [16], WO algorithm [14], Jaya
algorithm [17] [18], modified sine-cosine optimized [19],
genetic algorithm [20, 21], artificial bee colony [22], Modified
Butterfly Optimization Algorithm [23], Ant Colony Opti-
mized [24], neural networks (ANN) [25, 26] particle swarm
optimization (PSO) [27, 28], and fuzzy logic (FLC) [29–32].
These methods are chosen according to the performance
parameters (complexity, speed of convergence, cost, number
of sensors, and reliability). A classification based on these
parameters is presented in [3]. These techniques are for the
most part stable and precise under stable conditions but less
precise in the event of instability or rapid variations in cli-
matic conditions or variations in load. Algorithms based on
fuzzy logic and neural networks have demonstrated rapid
convergence and high performance under various environ-
mental condition, but the implementation of these algo-
rithms can be overly complex. In terms of tracking speed,
these metaheuristic algorithms are slower than their conven-
tional counterparts [13, 14, 33]. A general problem associated
with MPPT algorithms is the transient oscillation of the out-
put voltage of the system. This is why the cheap MPPT con-
trol algorithm would be less complex, inexpensive, and able
to quickly converge to the MPP with negligible oscillation
[34]. Based on issues such as lower tracking accuracy, high
convergence time, high computational load, and low tracking
efficiency in conventional and modern MPPT techniques,
sliding mode control (SMC) has received a lot of attention.
Attention due to its advantages such as guaranteed stability,
robustness against parametric variations, rapid dynamic
response, and ease of implementation [35, 36]. This is why
sliding mode has been approved in control fields such as
robotics and motor control to overcome certain parametric
variations as well as unknown internal and external distur-
bances [37–40]. The sliding mode was developed by Utkin
in 1977 for systems with variable structures [41] and is based
on the theory of nonlinear control, making it the ideal candi-
date for attenuating the nonlinearity of PV systems. Several
approaches are accredited to implement sliding mode in
PVS systems mainly two types of strategies namely single
loop and cascade loop. MPP lookup is not required for a sin-
gle loop. The switching surface is designed to converge
towards zero as the system approaches the MPP [42–45].
Moreover, in the case of cascade loop control, the outer loop
is dedicated to search and the inner loop is dedicated to fol-
lowing the MPP with conventional and intelligent algorithms
(P&O [46, 47], linear estimation [48], and fuzzy logic [49]).
The tracking loop must be faster than the search loop to pre-
cisely reach the MPP. Garraoui et al. [50] studied two MPPT
algorithms. Fuzzy logic and sliding mode MPPT controllers
are compared under varying weather conditions as well as
in the case of varying loads. The simulation results obtained

showed that the sliding modeMPPT controller performs well
under these conditions, because it accurately follows the new
MPP with high output power compared to fuzzy logic. Many
authors [42, 45, 51–57] have proposed various MPPT
methods based on the sliding mode. However, the perfor-
mance of the control in sliding mode is difficult to obtain,
because the choice of the control gain is directly associated
with the upper limit of uncertainties difficult to model. In
general, the guarantee of the robustness of the system
remains possible by the choice of a high control gain, then
inducing the phenomenon of chatter, which occurs in the
sliding modes. This phenomenon is the major drawback of
the practical implementation of control in sliding mode,
because it could excite the unmodeled dynamics leading to
the instability of the system [58]. To cope with this situation,
different strategies have been presented in the literature,
including second-order sliding mode control as well as
hybrid methods combining sliding mode with an artificial
neural network and fuzzy logic [59–63]. The approach devel-
oped under the name of Robust Control (Fast Terminal Slid-
ing Mode Control) can converge the state of the system
towards zero in a finite time; it has no discontinuous sign
function and makes it possible to completely avoid the phe-
nomenon of chattering. The sliding surface proposed by Park
et al. [64] is nonlinear, designed so that the system converges
in a finite time. Chiu et al. [65] have defined a sliding surface
to get around the problem of singularity. The simulation
results proved the rapid convergence compared to the PI
controller. Asma et al. [66] developed a Fast Terminal sliding
mode control where fast-tracking speed was observed in sim-
ulation results with almost no chatter fluctuation. Amirineni
et al. [67] have developed integral terminal sliding mode. The
system corrects the voltage drop caused by external uncer-
tainties and input variations, which implies the rapid
response of the said system. Mojallizadeh et al. [68] devel-
oped a terminal sliding mode control (TSMC) MPPT that
is more efficient than conventional TSMC. Their model
decreases the amplitude of the chatter by using a second-
order filter in the control law. Garcia et al. [69] have devel-
oped a sliding mode MPPT control based on terminal volt-
age. Small oscillation and quick dynamic response are
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Figure 1: PV cell equivalent circuit.

Table 1: Specifications of PV panel.

Parameter Name Value

Pmax Maximun power 60W

Vmpp Optimun operating voltage 17V

Impp Optimun operating current 3.5 A

Voc Open circuit voltage 21.1V

Isc Short-circuit current 3.8 A

2 International Journal of Photoenergy



achieved by applying Terminal sliding mode control (TSMC)
for MPPT. Shahdadi et al. [70] have improved the fast termi-
nal sliding mode MPPT control. An adjustment of the coeffi-
cients is necessary. The proposed algorithm is effective in the
event of partial shading. Harrag et al. [57] have developed a
hybrid PSO-P&O algorithm. The P&O here is variable pitch,
and the PSO is used to find the optimal gains for the SMC
controller to make the variable pitch P&O algorithm follow
the MPP. Other so-called hybrid methods have demon-
strated their superiority over classical and even modern algo-
rithms (Kamalapathi et al. [71], M.Vardia et al. [72, 73], T.
Choudhary et al. [74]).

In this paper, we propose the optimization of the sliding
mode MPPT controller developed by Belkaid et al. [75] using
the particle swarm algorithm. Unlike most control
approaches using the trial and error approach to determine
the sliding mode parameters (which are not the optimal
parameters), the hybrid optimization method (SMC-PSO)
is proposed to find the optimal design parameters to thus
guarantee the rapid convergence and the overall stability of
the system. The basic principle is to make good use of the

operating capacity of the PSO algorithm and the robustness
of the sliding mode to produce a hybrid algorithm having
both capacities.

2. PV Panel Model and Dc-Dc Converter

2.1. PV Panel Model. To model the PV panel, the scientific
community offers several models. The single diode model is
the most classic described in the literature [42, 75]. The
equivalent circuit (Figure 1) consists of a current source to
model the incident light flux, a diode for cell polarization
phenomena, a parallel resistance due to leakage current,
and a series resistance representing various contacts [76].
The general mathematical equation of PV cells is given by
the following equation [77]:

Model of the photovoltaic cell:

Ipv =NpIpv −NpId e
qVpv
NsAKT

� �
− 1

� �
: ð1Þ
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Figure 2: Characteristic I-V and V-P.
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The inverse saturation current Io is

I0 = I0r
T
Tr

� �3
e

Egq
KA

1
Tr
−1
Tð Þ

� �
ð2Þ

The inverse saturation current at Tr is

I0r =
Iscr

e qVoc/NsAKTð Þ − 1
,

Iph = Iscr + Ki T − Trð Þð Þ½ � E
1000

:

ð3Þ

The PVmodule power (Ppv) can therefore be obtained as
follows:

Ppv = IpvVpv =NpIphVpv −NpIoVpv e
qVpv
NsAKT

� �
− 1

� �
: ð4Þ

The specification of PV panel used for the simulations is
presented in Table 1. Figure 2 shows the current-voltage and
power-voltage curves typical of the photovoltaic module. It is
clear that the PV module inherits the nonlinear characteris-
tics of its MPP. This MPP varies with temperature and irra-
diance. Consequently, the power of the photovoltaic panels
increases with increasing irradiance or decreasing tempera-
ture. Therefore, in order to ensure that the photovoltaic sys-
tem operates at its MPP, a control algorithm is required.

2.2. DC-DC Converter. In order to extract the maximum
power from the PV panel, the DC-DC converter in Figure 3
allows adaptation between the PV panel and the load.

The mathematical model of the boost converter is
deduced [13, 17]:

diL
dt

=
Vpv −V0

L
+
V0
L
u

dVo

dt
= −

Vo

RC2
+

iL
C2

−
iL
C2

u

8>><
>>: : ð5Þ

If we set x = ½x1 x2�Tr = iL V0½ �Tr then the expression,
(5) can be written:

dx1
dt

=
Vpv − x2

L
+
x2
L
:u

dx2
dt

= −
x2
RC2

+
x1
C2

−
x1
C2

:u

8>><
>>: : ð6Þ

The converter is therefore described by the following
nonlinear system:

_x =
dx
dt

= f x, tð Þ + g x, tð Þ:u + h: ð7Þ

3. Synthesis of Robust Control by Sliding Mode

Consider the nonlinear system described by

x nð Þ = f x, tð Þ + g x, tð Þ:u: ð8Þ

PSO-slinding
mode controller

DC-DC
converter Dc load

ipv

vpv

u

Solar panel

Figure 4: Sliding mode control.
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Figure 5: Flowchart of the PSO algorithm.
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Figure 3: Boost converter.
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With

x tð Þ = x, _x,⋯, x n−1ð Þ
� 	T

the state vector: ð9Þ

f ðx, tÞ and gðx, tÞ nonlinear functions of the state vec-
tor describing the system. The purpose of tracking control
is to find a control law such that, given a desired
trajectory xdðtÞ, the tracking error xðtÞ − xdðtÞ tends to
zero despite the presence of disturbances. The tracking
error is defined by

e tð Þ = x tð Þ − xd tð Þ = e, _e,⋯ , e n−1ð Þ
� 	T ð10Þ

The implementation of a sliding mode command goes
through three stages:

(i) The choice of sliding surface

Slotine [78] proposed a general form, which consists in
defining a scalar function of the sliding surfaces in the phase
plane in order to ensure the convergence of a state variable x

towards its set value xd this function is given by the following
equation:

s x, tð Þ = ∂
∂t

+ λ

� � n−1ð Þ
:e, ð11Þ

where
λ is a scalar which represents the slope of the sliding sur-

face, and the latter is obtained for a second-order system
when

s x, tð Þ = 0: ð12Þ

Once the switching function is established, the tracking
problem requires the design of a control law such that the
state vector eðtÞ remains on the sliding surface sðx, tÞ = 0 for
all t ≥ 0.

(ii) The condition of existence of a sliding surface

It can be deduced from the energetic function of Liapu-
nov given by the following relation:

V =
1
2
S2: ð13Þ
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A sufficient condition for equation (8) to be stable is

_V =
1
2
∂
∂t

S2
� �

≤ −η: Sj j, ð14Þ

where η > 0

(iii) The establishment of the control law

The law of control by sliding mode is given by the follow-
ing formula:

u = ue + k:sign sð Þ = ue+Δu: ð15Þ

Knowing that
ue is the equivalent command.
k is a positive constant, which represents the gain of the

discontinuous command.

One method, which makes it possible to reduce the effect
of browsing, is to replace the discontinuous function with a
saturation function, which consists in determining a limit
band around the sliding surface thus ensuring the smoothing
of the control and the maintenance of the state of the system
in this band. The control law then becomes

u = ue + k:sat sð Þ: ð16Þ

3.1. Design of the MPPTHybrid Sliding Mode-PSO Controller.
The objective of the MPPT hybrid sliding mode controller is
to ensure that the system continuously delivers maximum
power to the load by varying the duty cycle of the boost con-
verter. In this case, the condition of maximum power is
obtained when [13]

dPpv

dVpv
= 0: ð17Þ
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Figure 7: Simulation waveforms at STCs; PV array output power P&O, PSO, CUCKOO, GWO, WOA, and SMC-PSO.

6 International Journal of Photoenergy



The sliding surface is chosen as follows [13]:

S xð Þ = dPpv

dVpv
= Ipv +

dIpv
dVpv

Vpv: ð18Þ

Imposing the invariance conditions [20, 22, 29]:

S xð Þ = 0 and
ds xð Þ
dt

= 0: ð19Þ

In sliding mode and in steady state, the derivative of the
surface is zero (because its primitive is zero), which makes

it possible to determine the equivalent command as follows
[13]:

ue = 1 −
Vpv

V0
: ð20Þ

The PSO controller will replace the discontinuous part of
the command represented by equation (13). Its expression is
given by

u = ue + upso: ð21Þ
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Of which the analytical form of the PSO command is
only the following equation:

upso = −kpso:sat sð Þ: ð22Þ

The global control by drag mode becomes

u = ue − kpso:sat sð Þ: ð23Þ

The control system is presented in Figure 4.

3.2. Particle Swarm Optimization Algorithm. The PSO algo-
rithm first developed by Kennedy and Eberhart [79] is an
iterative algorithm which is part of the stochastic methods
of evolutionary type with fast convergence. Many
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applications of this algorithm in several fields and in particu-
lar in the field of engineering show its superiority compared
to other stochastic methods such as the ant colony, biogeog-
raphy, and the genetic algorithm. At each stage of calculation,
the values of the individuals are compared according to the
objective function; then, the new guides are chosen. During
its execution, the algorithm goes through the steps grouped
in the flowchart of Figure 5. The position and the speed of
each particle are updated by applying the following equa-
tions:

Vi+1 = γ1Vi + γ2 xip − xi
� �

+ γP xg − xi
� �

xi+1 = xi +Vi+1

:

(
ð24Þ

With γ1, γ2, γp ∈ ½0 1�. xip et xg are, respectively, the best
position of an ith particle from the first iteration and the best
global position of the swarm.

4. Results and Discussion

The tests represent different simulations of the variation of
the hard, medium, and soft insolation.

Four cases were considered for the test represented by
Figure 6:

Parameters for the PSO algorithm are as follows:
c1= c2= 2.05.

Nbre_ierations= 150.
Nbre_particule = 100.
Vit_max=5.
Vit_min= 2.5.
Under standard test conditions (STC) at Figure 7, we

confirm that most techniques are stable and accurate under
stable conditions. The P&O converges towards the PPM in
60ms and reaches 57.35W, while the PSO takes a little lon-
ger, i.e., 2040ms before converging and reaches 60.48W with
an oscillation of 0.015mW which is negligible compared to
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Figure 11: Simulation waveforms at the extreme very fast change in insolation. PV array output power P&O, PSO, CUCKOO, GWO, WOA,
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the P&O which oscillates a lot. Our method (SMC-PSO)
compared to PSO, CUCKOO, GWO, and WOA converges
rapidly 0.05 s without oscillation or ripple therefore faster
than P&O, PSO, CUCKOO, GWO, and WOA.

At the rapid change in irradiance, overshoots are
observed in Figure 8 concerning the P&O. These overshoots
reflect the energy losses when the irradiance changes rapidly
to decrease, while the PSO shows no overshoot after 2 s which
corresponds to the convergence time but suffers from the
attainment rate of the corresponding PPM when the irradi-
ance changes rapidly while decreasing. For example, between
5 and 6 seconds, the curve of the PSO, CUCKOO, GWO, and
WOA is located at 4W, while for the same time interval, the
P&O and the SMC-PSO have a power locate at 12W. The
proposed SMC-PSO therefore corrects the P&O in terms of
speed of convergence, overshoot, and oscillation and the
PSO, CUCKOO, GWO, andWOA in terms of initial conver-
gence speed and rate of reaching the PPM when the irradi-
ance changes rapidly and decreasing. The MPPT PSO,
CUCKOO, GWO, and WOA algorithms are adept at follow-
ing the MPP during very fast and wide variations in insola-
tion. However, this is only possible after the convergence
period, which is 2 seconds for PSO, 0.75 S for CUCKOO,
and 0.2 S for GWO and WOA. The PSO follows the varia-
tions with a convergence time of 100ms.

Figure 9 shows that when the irradiance changes within a
second, PSO and CUCKOO can no longer follow the PPM
this is due to the fact that PSO requires 2 s and CUCKOO
0,78 s to converge correctly. GWO and WOA require 0.2 s
to converge. This problem is corrected by the SMC-PSO with
a convergence speed of 0,03 s. The dynamic response of the
SMC-PSO under the same conditions is good. Overshoots
are observed when insolation decrease for the P&O.

When the irradiance varies within a second and very
widely (200 to 1000W/m2), the PSO and CUCKOO can no
longer follow the PPM. The dynamic response of the SMC-
PSO under the same conditions remained unchanged, i.e.,
0.03 s.

Figure 10 shows the duty cycle of SMC-PSO.
The simulation results show the efficiency of the pro-

posed algorithm in the transient response compared to
P&O, PSO, CUCKOO, GWO, and WOA. In addition, good
performance in steady state (no ripple or oscillation around

the MPP) was compared to the classic P&O algorithm. The
SMC-PSO greatly reduces the chatter phenomenon.

The proposed algorithm was also subjected to a robust-
ness test as shown in Figure 11. For this, we tested its ability
to follow theMPP point in the event of a very rapid change in
atmospheric conditions by performing the test as follows: the
extreme, very rapid, and significant change in sunstroke. The
results show that the dynamic response of our algorithm is
indeed improved.

Compared to the conventional P&O algorithm, the pro-
posed SMC-PSO reduces oscillations around maximum
power with precise tracking (without overshoot) of the
MPP point. This last point has a direct impact on the energy
loss, which is less important with the proposed SMC-PSO
controller. From these test results, we can conclude that the
main contributions of this work are improved response time,
reduced ripple and overshoot, reduced chatter, and the ability
of the SMC PSO algorithm to operate efficiently in rapidly
changing environmental conditions, resulting in an overall
reduction in energy loss. Table 2 gives the comparison of
the MPPT algorithms for the scenario considered. Table 2
gives the comparison of MPPT algorithms for the scenario
considered.

5. Conclusion

In this paper, the optimization of sliding mode controller by
PSO for PV systems under rapidly changing atmospheric
conditions was presented. The bio-inspired PSO algorithm
is used to find the optimal controller gain in sliding mode.
The tests were performed under a very fast and large extreme
change in insolation and compared to the output results of
the P&O, PSO, CUCKOO, GWO, and WOA algorithms.
The simulation results demonstrate that the proposed
SMC-PSO algorithm outperforms the conventional P&O
MPPT in terms of accuracy, speed, ripple and overshoot,
the PSO, CUCKOO, GWO, and WOA in terms of dynamic
response before 1 s. The proposed algorithm effectively
improves the dynamic response thus confirming its superior-
ity over the MPPT P&O, PSO, CUCKOO, GWO, and WOA
algorithms for all of the performance measures evaluated.
The robustness of the proposed algorithm was also pre-
sented. The main limit remains the energy efficiency

Table 2: Comparison of MPPT algorithms for the scenario considered.

Algorithm P&O PSO CUCKOO GWO WOA SMC-PSO

Tracking speed at STCs 0.4 s 2 s 0.75 s 0.2 s 0.2 s 0.05 s

Tracking speed after extreme change in irradiance 0.12 s 0.1 s 0.75 s 0.2 s 0.2 s 0.03 s

Ability to track large changes in power before 1 s Less No No High High High

Extracted energy efficiency (%) 96.3 99.9 99.93 99.66 99.70 96.4

Steady state oscillation (% of power) High Less Less Less Less Less

Accuracy Low Highest Highest Highest Highest Highest

Complexity Easy Medium Medium Medium Medium Medium

Transient power fluctuation before 1 s Low High High Medium Medium Very low

Dynamic response before 1 s Poor Poor Poor Good Good Good
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extracted which is lower than the PSO, CUCKOO, GWO,
and WOA. In the next article, we plan to carry out the pro-
posed control scheme experimentally.

Nomenclature

A: Ideality factor of the PN junction
K = 1:3805 × 10−23J/K: Boltzmann’s constant
q = 1:6 × 10−19½C�: Charge of the electrons
T[K]: Temperature of the cell
Eg = 1:12½eV�: Band gap energy of the semicon-

ductor used in the PV cell
IO: Inverse saturation current
Iph [A]: Photo-current
Ior: Inverse saturation current at Tr
IPV [A]: Current of the PV module
Iscr [A]: Cell’s short-circuit current at the

reference irradiation and
temperature

Np: Number of cells connected in
parallel

Ns: Number of cells connected in series
Tr [K]: Reference temperature of the cell
Voc [V]: Open-circuit voltage
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