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Abstract: The effect of partial shading has a strong influence on the production of photovoltaic solar systems. In fact,
when this phenomenon occurs, several power peaks appear on the power-voltage curve (P, V). These peaks are divided
between the local maxima and a global maximum. This latter presents the superior maximum compared to the local
maxima. Therefore, in this case, the conventional MPPT methods such as Incremental Conductance (INC) and Perturb
and Observe (P&O) do not have the ability to detect and track the highest peak. Thus, this causes the important loss
of power. To overcome this issue, this study focusses on the design of a new method able to distinguish the global
maximum power point (GMPP). This method is composed of two loops of control, the particle swarm optimization
(PSO) and the sliding mode controller (SMC). The first loop, which consists of PSO, sweeps the power-voltage curve
by looking for the GMPP, after that generates the reference of corresponding optimal voltage. While the second loop
is designed to track the voltage reference by acting on the duty cycle of the SEPIC converter. This method is
characterized by its robustness against the parameters’ changes and the modeling error thanks to the SMC controller
designed. In addition, the PSO used improves efficiency of the PV modules subjected to the non-uniform
meteorological conditions. The simulation results show the rapidity and accuracy of the proposed method for localizing
and tracking the global power maximum. In fact, according to the results, the proposed controller has a convergence
time about 63ms depending on the shading pattern. Moreover, it is able to detect the meteorological conditions change.
To prove the advantages of the proposed technique, this one is compared with the hybrid controllers those composed
of P&O and INC combined with BSC and SMC controllers.

Keywords: Particle swarm optimization, Sliding mode control, Global MPPT technique, Photovoltaic module, Partial
shading.

world due to its availability, simplicity

1. Introduction and efficiency. It has the advantage of
It is no longer strategic today to rely on fossil being able to install itself where it is
fuels to produce energy because they are limited and needed without having many

characteristics have pushed countries to adopt new
strategies on renewable and clean resources.
Among these sources, wind energy,

complexity compared to other
renewable energy resources.

hydropower and solar energy, the latter Solar energy is often used in two configurations,
has grown very significantly because it either to inject energy directly into the electricity grid
has seen a rapid interest from world or to supply isolated sites [1]. The production of solar
leaders in the field. Solar energy is one energy is the subject of an influence of many factors,

of the most widespread resources in the which are essentially the solar radiation and
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temperature. These factors are very random during
the day. So, the PV system must be controlled in
order to take these issues into consideration during
the power production.

The tracking of the maximum power point techniques
still under development. In fact, several techniques
have been developed by scientists and researchers.
Each controller designed is characterized by its
specific yield, efficiency and implementation cost
and complexity. Among these methods, there are the
classical ones such as perturb and observe (P&O) [2],
incremental conductance (INC) [3] and hill climbing
[4], these methods are simple and easiest to
implement, but their great drawback is their
fluctuations around the maximum power point which
influences the accuracy and rapidity of the system [5].
In fact, in order to improve the tracking performances
of the P&O and INC, these latter are combined with
some nonlinear controllers (SMC, BSC) [6, 7] to
obtain a hybrid method. In fact, in these studies, the
P&O and INC are used to generate the reference of
voltage instead on the duty cycle. So, in this case, the
voltage is less influenced by the step variation than
the duty cycle and they are more rapid and accurate
than the classical methods.

This can be solved by using the artificial
intelligence such as fuzzy logic [8] and artificial
neural network [9, 10]. These methods are efficient,
accurate and capable of tracking the maximal power.
However, they can distinguish the maximal point just
under the uniform conditions of irradiation and
temperature. Because, in this case, the power versus
voltage presents only one maximal power peak.
While under the partial shading conditions, where
there are several points of maximal power, these
methods cause high drop of energy, because they
cannot distinguish the global maximum and tracks
only the first maximum found at the right hand of the
P-V curve.

Solving these problems requires the use of the
GMPPT technique such as the metaheuristic
algorithms. In fact, the PSO [11-13], Genetic
algorithm [14, 15], Cucko search [16, 17] and Ant
colony optimization [18], are the most used
algorithms because they can solve the multi objective
problems. This paper focuses on the improvement of
the tracking performances of the most used method
that is the PSO algorithm.

In this paper, the PSO is combined with the
sliding mode control in order to obtain a robust
hybrid controller that is characterized by its good
tracking performances. Indeed, the proposed
controller can track the global maximum power
rapidly and accurately whenever the partial shading
takes place.
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On the one hand, PSO algorithm is used to
generate a reference of voltage that corresponds to the
global maximal power point. While the sliding mode
controller is designed thanks to its many advantages
like its robustness against the modeling errors,
external perturbations, and error of sensor
measurements. On the other hand, the hybrid
controller is more rapid and accurate than the
classical methods [19]. Moreover, this controller is
compared with some existing hybrid controller which
are P&O combined with BSC [6] and SMC, and INC
combined with BSC [7] and INC combined with
SMC.

This paper is organized as follows. The second
section presents the modeling of the photovoltaic
system, while the third section is dedicated to the
presentation of the proposed controller. The sections
4 and 5 are devoted to the investigation of the
simulation results and the conclusion, respectively.

2. Proposed system

The system proposed in this article is composed
of three photovoltaic panels, a DC-DC Sepic
converter and a resistive load. The photovoltaic
modules used can produce 55W under the standard
environmental conditions (Irradiation of 1000W/m?
and temperature of 25°C) while the Sepic converter
can Buck and Boost the voltage and can minimize the
currents oscillations. This converter is directly
connected to the load of 720Q. The following
subsections in detail the modeling of the proposed
system.

Nomenclature

y: The output to control

P-V: Power versus Voltage

P&O: Perturb and Observe

BSC: Backstepping Control

SMC: Sliding Mode Control

INC: Incremental conductance

Vv, lpv: PV voltage and current

Ry, Rs: Parallel and series resistors

PSO: Particle Swarm Optimization

C,: The SEPIC converter Capacitor

L, Lo: The SEPIC converter inductors

GMPP: Global Maximum Power Point

MPPT: Maximum Power Point Tracking

GMPPT: Global Maximum Power Point Tracking
SEPIC: Single-Ended Primary-Inductor Converter
Ci1, Cs: Input and output capacitors of the SEPIC
converter
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Np, Ns: Number of PV modules connected in parallel
and series

I
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Figure. 1 Proposed system

Figure. 2 PV cell
2.1 Photovoltaic panel

The solar panel is composed of a group of
photovoltaic cells. These ones are manufactured on
the basis of semiconductors that have the ability to
transform the irradiation provided by the sun into
electrical current.

Fig. 2 shows the standard model of a photovoltaic
cell consisting of a current source, a single diode and
two resistors (the parallel resistor R, and the series
resistor Rs).

In fact, the series resistance Rs is too small, while
the parallel resistor R, so high. For this reason, to
facilitate the control design of the sliding mode
controller, which will be studied in the next section,
these two resistors will be neglected. Because they do
not have much influences on the control law
measurement. Thus, neglecting these parameters
helps to simplify the calculation without affecting
accuracy [20].

The mathematical modeling of a photovoltaic
panel can be expressed as follows:
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Where:

Neen : The series cells number.

A: The ideal factor of the PN junction.
0=1.6x10e'° [C]: The electron charge.

Vo [V]: The output voltage of the PV panel.

lov [A]: The current of the photovoltaic panel.
K=1.3805%10e% [J/K]: The Boltzmann constant.

Where,
Ion [A] is the photocurrent, it is given by the following
formula:

E
Iph = [Lser + (Ki(T = T))] 7777

2
1000 @)
With

E [W/m?]: The solar irradiation.
Ki [A/K]: The temperature coefficient of the short
circuit-current.

And,

The reverse saturation current I, is:
T Egqr1 1
Iy = Lo () e a7 T ®
T

With:

Ec [eV]: The bandgap’s energy of the photovoltaic
cell semiconductor is equal to 1.12eV.
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Tr [K]: The reference temperature of the cell that is
equal 25°C.

The reverse saturation current lor measured at T is:

_ Lscr
Ior - aVoc (4)

e(KNSAT) -1

With:

Voc [V] : the open circuit voltage.

Iser [A] : the short-circuit current of the photovoltaic
module measured under the standard irradiation E,
and temperature T..

Using Equ. (1), the power of the photovoltaic
module P,y can be obtained:

()
Pyy = Lyylpn Vo —Nplo Vi [€ V5N eeu T

(%)

The characteristics of the photovoltaic module
used are shown in the Table 1.

2.2 Sepic converter modeling

The Sepic converter is widely used for controlling
power of PV panel under partial shading effect. In
fact, On the one hand, the Buck converter cannot
process the voltages’ points close to the lser, while the
Boost converter cannot process the points of voltage
close to the Vo.. On the other hand, As discussed
before, unlike the Buck-Boost, the Sepic converter
can provide the positive output voltage as well as a
low ripple current at the input [21] - [22]. Moreover,
the Sepic converter is able to function like Buck or
BOOST according to the need act on the value of the
duty cycle [21].

After analyzing the two states of the transistor
switching, the following average model of the Sepic
converter is obtained:

( . 1 1
va = C_llpv _C_1[L1

. 1 1
Iy =V —— A =)V + V)
Ly Ly
) 1 1
3 Vo= A-Dl +d—1, (6)
C, C,

. 1 1
I, = dL_ZVCZ— (1—d)ZVb

) 1 1
o= C_3(IL1 +1,)(1—d) _C},—RVO
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3. Proposed method

Under the uniform atmosphere conditions, the P-
V curve presents several peaks of power. The higher
Table 1. PV module characteristics

Parameter
PV parameters value
Maximum power (Pmax) 55 W
Optimal voltage (Vopt) at Pmax 174V
Maximum current Isc (short 3.45A
circuit current)
Maximum voltage Vo (Open 214V
circuit voltage)
Temperature coefficient K; 1.4 X 1073A/°C
Nomber of cell in series N 36

one is widely called the global maximum. While the
other peaks are called the local maximums.

The controller, shown in Fig. 1, is based on the
PSO algorithm as well as the sliding mode controller.
The PSO algorithm locates the global maximum
power point by looking for the global peak and
returns the output signal of the optimal voltage. In
addition, the sliding mode controller (SMC) is
designed in order to follow the reference voltage by
acting on the Sepic converter’s duty cycle. The main
advantage of the proposed controller is to replace the
conventional MPPT methods by overcoming their
inability to follow the global maximum power point
(GMPP) under the partial shading conditions.

3.1 PSO MPPT

The PSO algorithm is the optimization method
that is widely used because it can solve the multi-
objective problems. In this study, the objective
function is the global maximum. Firstly, the PSO
algorithm starts initializing the particles. Then, these
particles converge iteratively to the optimal voltage
that corresponds to the global maximum of power.
Effectively, after any iteration, the particle, that
corresponds to the superior power, still frozen in its
position, while the other particles move by the
position x;. Finally, once the desired global maximum
is reached, the corresponding optimal voltage is
stored and returned as the output signal to follow. The
particle convergence velocity is updated using the
following equation:

vik+1

= W‘Uik + Clrl(pibest - xl")
t+on (gbest - xlk) (7)
With:

W: The weight of inertia.
Ci1, C2: The acceleration coefficients.
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r1, r2; The random numbers those are limited between
0and 1.

The position x is updated by the following
equation;

Xt = X+ vfH (8)

In this study, the initial vector, composed of four
particles x1 = [V, V,,V5,V,], is used.

When the condition Eq. (9) is satisfied, the search
process, discussed previously, is stopped and the best
solution among all the recorded solutions is defined
as the optimal reference voltage to be followed by the

power converter.
[ Agent unitization ]4_

Send the agent
Update .
, successively and
agent’s .
. memorize the
velocities .
corresponding
Update
agent’s
positions

[ Update Ppest and Gpest ]

Inequality Eq.
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~N
Are there changes in
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J

¥

\
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reference voltage
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J

Figure. 3 PSO-based MPPT controller Flow chart
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P, — Py < 0.1W
{Vi — Vi1 < 0.05V ©)

It can be noted that any change of irradiation can
influence the output power and the voltage as well.
Therefore, to detect the meteorological conditions
change, it should detects any variation of power and
voltage, which can be verified when the condition (9)
is satisfied. So, when the following condition is true,
the controller restart the process of the new GMPP
search:

|Pi — P4

> APy
‘ (10)
|Vi - V(i—1)| =< AVset

Where:

AP, AVt : the power and voltage thresholds,
respectively. These ones are predetermined by the
user.

(i), (i-1): The current and the previously measured
values, respectively.

The sequential loop of this algorithm is illustrated
in Fig. 3.

3.2 Sliding mode control

The sliding mode controller (SMC) is a nonlinear
controller that is dedicated specially to the nonlinear
systems. In this study, this controller is designed in
order to track a reference of the optimal voltage by
adjusting the SEPIC converter’s duty cycle. During
the SMC design, it should define the output y, which
is in this case the PV voltage Vp, and the output
reference yrr Which presents the optimal voltage
reference Vrer.

After that, it should follow the following steps:
Firstly, define the sliding surface:

d

= —)e"1 11
s (/1+dt)e (11)
with:

e : The tracking error, it is equal Vpy - Vrer.
r : The relative degree e.

The derivative of output y is:

. 1 1
Yy = C_llpv - C_llLl (12)
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Thus, by using Equ. (6) and Equ. (12), the second
derivative of y can be expressed as follows:

N
y = C_ll pv E[va (1 d)(‘/;) (13)

+ Vel

As can be noted, the second derivation of y makes
appear the law control, which is the duty cycle of the
SEPIC converter. Thus, the relative degree r would
be 2. Therefore, the sliding surface will be:

d (14)
S = (/1 + E)e
Consequently,
s=le+é (15)

The time derivative of the sliding surface (s) is
expressed as follows:

S=A6+é (16)

Where, the first time derivative of the tracking error
e is given by:

€=y = Vrer = V;Jv - Vref (17)
The second time derivative of e can be expressed as
follows:

€=Y = Vref = V.pv - I‘/.'ref (18)
Replacing Equ. (13) in Equ. (18) the following
expression is founded:

. 1 1
=g g e
~ A=W, + V)]
_Vref

(19)

Therefore, considering V,.r and V,..; equal to zero
and replacing Equ. (17) and Equ. (19) in Equ.
(16), the time derivative of the sliding mode surface
will be:

c= AV =y
§ =MW+ 1'pw = |

DV, + V)]

Voo = (1 = (20)

Knowing that, to ensure the stability, the first time
derivative of s should be:

s = —ksigne(s) (21)
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So, by replacing Equ. (21) in Equ. (20), Equ. (22) can
be obtained:

. . 1, 1
—ksigne(s) = AV, + C_11 v TG [va - 22)

A-ad, + ch)]

Finally, the control law d can be found as follows:

L VRN L N (R _
4= e Mow ol = Vi (23)

v, + ch)] + ksigne(s)]

4. Simulation result

Three photovoltaic modules (Reference SM55)
are connected in series and subjected to the different
atmospheric conditions which can be uniform or non-
uniform. The characteristics, of the PV modules used,
are shown in Table 1.

As can be seen in Fig. 4, during the time interval
Os and 2s, the sunshine conditions, applied to the
photovoltaic modules, are considered uniform. While
during the time interval [2s, 55], the PV modules are
supposed under the partial shading effect. Effectively,
under the partial shading effect, the Power-Voltage
curve presents several maximum power points, as can
be seen in Fig. 7.

The parameters of the proposed
components are as follows:

system

=  The PSO parameters: w=0.2, ¢1=1.2, c,=1.4.
= SMC parameters: K;=470, K,=230.

= SEPIC parameters: C1=440 uf, L1=0.35mH,
C, =440 uF, L,=0.35 mH, C3=470 uF,
R=120Q.

Fig. 5 shows the PV voltage at the PV panel
terminals and the reference voltage as well. On the
one hand, as depicts this figure, during any change of
the irradiation and/or temperature, the PSO
successively iterates until reaches the optimal voltage
that corresponds to the global maximal power points.

In fact, that is made by considering four particles
(Va, V2, V3 and Vi) which presents four different
values of voltage. Then, the PSO algorithm starts
measuring the power corresponding of each particle.
After that, the four obtained powers will be compared,
and the particle that corresponds to the maximal
power rest frozen while the other particles move by
step vi(convergence velocity) by using Eq. (6) and Eq.
(7). This process repeats until all the four particles
reach the global maximum power point. Indeed, that
can be ensured when the condition shown in Eq. (8)
is satisfied. Therefore, the particle (voltage) that
corresponds to the global maximum power is

DOI: 10.22266/ijies2020.0430.30



Received: January 2, 2020.

memorized and returned as a reference of the optimal
voltage. This latter is shown, in Fig. 5, in red color.
All the process, discussed previously, starts again
when the change of irradiation and/or temperature is
detected. The detection condition is shown in Eq. (9).

Temperature of the PV panel

~—~ 315
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Figure. 4 Irradiations and temperature of the photovoltaic

modules: (a) temperature of the PV panel, (b) irradiation

of PV module 1, (c) irradiation of PV module 2, and (d)
irradiation of PV module 3
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Figure. 5 PV panel voltage

While the PV voltage, that is shown in blue solid
line curve, pursues rapidly and accurately this
reference. Which proves the best criteria
performances of the SMC controller designed.

In order to test and validate the proposed PSO-
SMC controller, this one is compared with the hybrid
MPPT controllers, which are the P&O and the INC
algorithms combined with the Backstepping
controller (BSC) and the sliding mode controller
(SMC) as well.

On the one hand, as can be seen in Fig. 6, under
the uniform conditions, both the proposed Global
Maximum Power Point Tracking technique GMPPT
and the hybrid MPPT techniques can track the
maximum power point. Moreover, the proposed
controller is more accurate and rapid than these
controllers.

On the other hand, during the partial shading
effect, the hybrid controllers can just track the global
maximum very close to the Vo, as can be noted in
Fig. 7(a), Fig. 7(c) and Fig. 8. While when the GMPP
is located at the middle in the P-V curve, as can be
seen in Fig. 7(b), the hybrid MPPT controllers are not
able to distinguish this point of the global maximum
power, which proves the power drop between the
time interval [3s, 4s], see Fig. 6. However, the
proposed GMPPT technique has succeeded to track
the global maximum power point in this case, which
proves the proposed controller ability to distinguish
the desired maximum under the partial shading effect.
Therefore, it can be concluded that the proposed
controller has many advantages. Effectively, it can
work properly under any meteorological condition,
and obtains a system with good tracking
performances.
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