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Abstract: The present work consists of developing a new hybrid FL-INC optimization algorithm for
the solar water pumping system (SWPS) through a SEPIC converter whose objective is to improve
these performances. This technique is based on the combination of the fuzzy logic of artificial
intelligence and the incremental conductance (INC) technique. Indeed, the introduction of fuzzy logic
to the INC algorithm allows the extraction of a maximum amount of power and an improvement in
the efficiency of the SWPS. The performance of the system through the SEPIC converter is compared
with those of the direct coupling to show the interest of the indirect coupling, which requires
an adaptation stage driven by an optimal control algorithm. In addition, a comparative analysis
between the proposed hybrid algorithm and the conventional optimization techniques, namely, P&O
and INC Modified (M-INC), was carried out to confirm improvements related to the SWPS in terms
of efficiency, tracking speed, power quality, tracking of the maximum power point under different
weather changes, and pumped water flow.

Keywords: solar water pumping system; FL-INC; SEPIC converter; MPPT; optimization algorithm;
centrifugal water pump

1. Introduction

The right to a healthy and enabling environment is a main principle for all living
beings. This is one of the reasons why the world is moving towards an effective policy
for managing this sector. The environment is constantly suffering from greenhouse gas
emissions, which are mainly generated by fossil fuels. The world must therefore begin
a process to manage energy issues as part of a comprehensive and successful strategy.
Despite the major energy carriers being fossil fuels and their contribution to environmental
pollution, the energy demand is increasing. Renewable energy is a competitive alternative,
and their economics has been assessed in comparison with various renewable energy
sources as in [1] aside from a regulation strategy suggested in [2,3]. Various studies have
accounted for their planning and integration into the distribution grid, as discussed in [4,5].
This is why the world is turning to new energy resources that are promising, socially
compatible, renewable, and sustainable. These sources include solar power [6], wind
power [7], biomass [8], geothermal power [9], and ocean power [10].
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Countries located between altitudes of —40 and +40 have a very high amount of
sunshine throughout the year [11]. In addition, observed decreases in rainfall have resulted
in insufficient resources available to meet agricultural demands. Therefore, pumped
irrigation has become an inevitable necessity. Two approaches are considered to achieve
the pumping activity, either by connecting to an electricity source or by using fuels, such as
diesel or butane, for pumping. However, the latter alternative is not pollution-free aside
from requiring financial resources, raising the production cost. An alternative approach
is the use of photovoltaic energy, which is a competitive alternative in terms of being
environmentally friendly and is a competing alternative from the economic aspect [12].

The use of solar energy to partially or totally solve the problem of pumping is an
option that has existed for a long time. Photovoltaic panels are components of a solar
system designed to collect solar energy and convert it into electricity. However, PV systems
have low efficiency due to their dependence on weather conditions, including tempera-
ture, irradiance, and other system equipment [13]. The generator photovoltaic (GPV) has
a nonlinear static current-voltage characteristic of a maximum power point (MPP). This
characteristic depends mainly on the level of irradiation, the temperature of the cells, and
the aging process [14]. The operating point of a photovoltaic system is very complex to
determine. In addition, the load connected to the GPV determines the operating point,
which leads to a significant deviation from the maximum power point. The occurrence of
multiple irradiance variations can lead to irrecoverable yield decreases, variable power,
outages, and even insufficient solar pumping [15].

To ensure optimal operation of the GPV, it is necessary to adjust a solar water pumping
system (SWPS) in such a way that the generator is forced to deliver its maximum power.
Thanks to a static DC-DC converter, this function is ensured by providing an MPPT control
system that acts on the converter’s duty cycle, thus ensuring optimal adaptation to the
variation of the load characteristic. DC-DC converters are commonly used in renewable
energy installations, including photovoltaic panels [16].They are employed to adapt the
input voltage to the desired output voltage. In some cases, it is sufficient to lower or raise
the output voltage; in other cases, it is better to use a controller that can lower or raise the
voltage to achieve optimal energy extraction based on MPPT optimization algorithms [17].

There are numerous MPPT algorithms proposed in the literature to track the maximum
power point, which are divided into two categories: (i) typical optimization techniques,
including perturbation and observation (P&O) [18], hill climbing (HC) [19], and incremen-
tal conductance (INC) [20]. These algorithms are characterized by their simple design
and implementation. However, they have low performance in terms of tracking speed,
efficiency, and power quality. (ii) Modern optimization techniques are based on artifi-
cial intelligence and metaheuristic approaches, including neural networks, ABC-PO [21],
genetic algorithms [22], and so on [23]. These algorithms offer better performance and
efficiency for PV systems. However, they have drawbacks that lie in the complexity of
design, implementation, and very high computational time.

In this paper, a hybrid FL-INC algorithm based on fuzzy logic and incremental tech-
nique is developed and applied to the solar pumping system to improve its functioning in
terms of efficiency, tracking speed, power quality, steady-state oscillations, complexity, and
tracking of the maximum power point under different weather changes. In addition, the
benefits of indirect coupling through an adaptation stage composed of a SEPIC converter
compared with direct coupling of the system are analyzed to demonstrate the efficiency
of such a system. As another contribution, the present work shows a comparative study
between the proposed FL-INC algorithm and the P&O and M-INC techniques to confirm
improvements related to the pumped water flow for a solar pumping system application.

The remainder of this research article is structured as follows: Section 2 is devoted
to the description of the solar pumping system. Section 3 describes the constitution of
the solar pumping system. Section 4 discusses the MPPT optimization techniques used.
Section 5 presents the analysis of the obtained research results. Section 6 is devoted to
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a comparative study of the MPPT optimization techniques. Finally, Section 7 presents
a conclusion of this work and future perspectives.

2. Description of the Solar Water Pumping System

Solar pumping system installations typically require the following components: a GPV,
a static power converter to improve system efficiency and reliability to optimize the amount
of water pumped, and a motor pump assembly. These elements mentioned above are
coupled in two ways. As shown in Figure 1a, direct coupling is the basic topology that
can be made, in which a motor pump unit is directly connected to the GPV. The main
reason for this option is the lack of other electronic devices to control the system, which
results in a low-cost solution [23]. However, the direct influence of the coupling on the
power delivered by the GPV is reflected by the intersection between the GPV and motor
pump characteristics [13]. The main disadvantage of this configuration mode is that it does
not allow any regulation of the voltage at the motor terminals, while the transfer of the
maximum available power to the GPV is not ensured. In fact, to overcome the latter, an
indirect coupling is used, in which a matching stage is inserted between the GPV and the
motor pump assembly, as shown in Figure 1b. In fact, this stage acts as an interface between
the two equipment and ensures the permanent transfer of maximum power supplied by

the generator.
DC-DC %
adapter

Duty cycle
Ipv MPPT
Verv —p
a- Direct coupling between a PV generator and b- Coupling witha DC-DC adapter between a GPV and
a motor pump a motor pump

Figure 1. Coupling types between the motor pump and the GPV.

3. Solar Pumping System Constitutions
3.1. PV Generator

PV cells are made of a semiconductor material that forms the basic element of
a photovoltaic module. A generator typically includes several modules connected in
series and in parallel to produce the required current and voltage. Figure 2 shows the most
commonly used equivalent schematic of a solar cell, which includes a current source, Iy;
a diode; and two parasitic resistors, Rs and Rgj,.

AN
I ph Rs

& Vi R v

Figure 2. Electrical model of a photovoltaic cell [24].

The actual current-voltage characteristic can be represented by the following equation:

V+I.Rs
_1]_V+I.Rs @

I = Iph — Iobs = Iph — Is |:exp nVip Rsh
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Current (A)

where I, (A) is the saturation current, Vy, (V) is the thermodynamic potential, K (J K 1is
Boltzmann'’s constant, T (K) is the effective cell temperature, ¢ (c) is the electron’s charge, n
is the nonideality factor of the junction, I (A) is the current provided by the cell, and V (V)
is the voltage across the cell.

Table 1 represents the electrical characteristics of the GPV proposed in this study.
Indeed, it is composed of 5 PV panels (REC_330NP), and each panel can generate a peak
power of 330 W peak in standard conditions. These panels are connected in series, which
allows for generating a voltage of (Vpp) = 173 V and delivering a total peak power of
1650 W peak in standard conditions.

Table 1. GPV under investigation specifications.

Voc (V) Ic(A)  Pupp W) Ry (k)  RemO)  Vigp V) Ly (A)
41 10.3 330 1 73 34.6 9.55

Figure 3 shows the current and power versus voltage evolution for different irradiance
patterns and for a cell temperature held constant at 25 °C. From the analysis of power and
current, it is interesting to note that the variation of irradiance has a significant effect on
these two variables. Indeed, the increase in this characteristic leads to an increase in the

power and the current. Table 2 summarizes the progression of the peak power as a function
of irradiance.
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Figure 3. Current-Voltage and Power-Voltage characteristics of GPV under variable irradiance.

Table 2. Peak power evolution as a function of irradiance.

Irradiance (W-m~—2) GPV Temperature (°C) Peak Power (W-m~—2)
800 25 1347
900 25 1508
1000 25 1657
1100 25 1803
1200 25 1950
1250 25 2018

3.2. Pump Centrifuge

A necessary requirement of the SPS is the motor pump. The latter is made up of
two parts: an electric motor coupled to a pump. In this study, the motor used to turn the
pump (SQF 0-6-2 DC) is characterized by a nominal current I, = 8.4 A, an input voltage
ranging from 30 to 300 VDC. In the field of technology, two types of pump technology
are generally used in pumping applications: the positive displacement pump and the
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centrifugal pump [25,26]. The first technology is distinguished by a constant load, whereas
centrifugal pumps are distinguished by an aerodynamic characteristic. The latter are
characterized by a load of torque that develops with the quadratic form of the drive speed.
This characteristic clearly indicates that the drive torque of the pump is almost zero at the
start-up. Therefore, the pump can be operated with very low solar irradiation, and as the
solar irradiation increases, the drive motor can have a high speed. The proportionality of the
different parameters as a function of the speed is expressed by the following equations [27]:

. Torque (C;)—speed (w):

Cr = Aw? @)
. Flow (Q)—speed (w):
Q _w
Qi w ©)
. Height (H)—speed (w):
Hy [wo 2
(o) @

3.3. Matching Stage: SEPIC Converter

The SEPIC is a direct-voltage-to-direct-voltage converter that will allow the output
to be greater than, less than, or equal to the input voltage [28]. This is because the voltage
of the converter is controlled by the duty cycle. In addition, the SEPIC is analogous to
a buck-boost converter with the benefit of having a noninverting output. In effect, it ensures
low current ripples. In terms of construction, the SEPIC converter consists of a power
switch (IGBT; MOSFET, Thyristor, etc.), a diode, inductors (L1, L), and capacitors (Cy, Cy).
Figure 4 shows the electrical diagram of this converter. The input inductance L; of the
circuit makes the whole SEPIC converter look like a boost converter. This converter also
has the advantage of isolating the input and output by means of the coupling capacitor Cy,
which protects against a short circuit or an overload at the output. Moreover, the SEPIC
has the advantage of being able to cut its output voltage down to zero voltage, unlike
a boost converter where the lowest output voltage is equal to the input voltage.

p - l t
%I : T r

+—V,

Figure 4. Electrical diagram of a SEPIC converter [28].

The relation between the load voltage and the converter input voltage is given by [28,29]:

11—«

Vour = VIN @)
where Voyr is the output voltage, Vy is the input voltage, and o is the duty cycle.

Table 3 summarizes the sizing results for the SEPIC converter applied to the studied
solar pumping system.
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Table 3. SEPIC converter features.

Component Designate Value
Coupling capacitor Cq 250 uF
Inductor Li=Lp 1.5mH
Filtering capacitor C 500 pF
Hashing frequency f 10 kHz

4. Solar Water Pumping System Optimization Techniques

The optimization of the solar pumping system using an MPPT tracker is shown in
Figure 5. In addition, the system structure consists of a GPV that powers the electric motor.
The latter drives a centrifugal pump through an MPPT controller. Then a series of studies
are carried out to give an overview of the influence of MPPT techniques on the performance
of the pumping system.

SEPIC converter

DC motor
(I | >t 1
«—V— N —Vo— +—Vr—
Vk o '\/T f %
| I |L2 VOIUT -"
Duty cycle Centrifugal
MPPT BRI

Figure 5. Solar water pumping system optimization structure.

4.1. P&O Optimization Technique

The perturb and observe (P&O) optimization technique is probably the most natural
method to find the maximum power point MPP, and its principle is given by the flowchart
in Figure 6. Moreover, MPP tracking is independent of temperature and/or irradiance
variations. The basic principle of this optimization technique can therefore be extracted
from the flowchart in Figure 6:

= At a fixed voltage V(k), the corresponding power P(k) delivered by the generator
is measured;

. After a certain delay, the algorithm imposes a voltage V(k + 1) = V(k) + AV and also
measures the corresponding power P(k + 1);

= If P(k + 1) is greater than P(k), the algorithm seeks to apply for a higher-voltage
Vk+1)=V(k) +AV;

. Otherwise, the algorithm instead looks to decrease the voltage V(k) = V(k + 1) — AV.



Energies 2022, 15, 8518

7 of 21

A 4

Measure V(k), I(k)

P(k)-P(k-1)=0

-
Yes ‘ No st
Decrease Vref Increase Vref Decrease Vref Increase Vref

A 4

Return |

Figure 6. Flowchart of the P&O algorithm [27].

4.2. Incremental Conductance Modified (M-INC) Optimization Technique

Under unstable irradiance and temperature conditions, a variation in voltage leads
to a variation in the current. On the other hand, a voltage perturbation leads to a current
perturbation when the photovoltaic field is subjected to a sudden change in atmospheric
conditions [30]. Contrary to the classical incremental method [31], the M-INC algorithm
distinguishes between these operating conditions and, thus, avoids the divergence caused
by atmospheric disturbances. Indeed, the modified incremental conductance (M-INC)
algorithm is supposed to act in the opposite way of the INC method when the system
operates in the partial shading situation. This method is based on the power derivative
being zero at MPP. It can be expressed as follows [32]:

ap_d(1v) _ dl _
where dP is the power derivative, dV is the voltage derivative, and dI is the current derivative.
Equation (6) can be expressed as follows:

Al dl I

AV TV @

where AV and AI are the increments of voltage and current. The characteristics of the
method can be obtained from the P-V curve and can be written as follows [32]:

dl . .
AR at maximum power point ®)
! = a1 left to maximum power point )
14 av
_ 1 - ar right to maximum power point (10)
%4 av

The duty cycle of this technique is calculated by:

(n)—P(n—1)
(n)—=V(n-1)

aj(n) =a;(n—1)+k; ‘1; =w;(n—1) £ du; (11)
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Figure 7 depicts a flowchart of the modified INC algorithm.

l
v

Ye MeasureV(k), I(k)

o=o+1 , o=0— a=0+0 =0+ o=0—

A 4

Return |

Figure 7. Flowchart of the M-INC algorithm.

4.3. FL-INC Hybrid Optimization Technique

The fuzzy logic of artificial intelligence is introduced in the incremental conductance
technique to develop a new hybrid optimization method named FL-INC. The latter is
applied to ensure a better optimization of the SWPS in case of very unstable weather
conditions. Fuzzy logic allows the study and representation of imprecise knowledge and
approximate reasoning [33]. Figure 8 shows the basic design of a fuzzy logic controller,
which is composed of three stages. The first step is the fuzzification step, which consists in
converting the input variables (physical variables) into linguistic variables (fuzzy variables),
by establishing membership functions for the different input variables. The second step
is the inference engine, which includes the inference block and the rule base to determine
the output of the fuzzy controller from the inputs resulting from the fuzzification. Finally,
defuzzification is the last step of the fuzzy controller; it allows for converting the fuzzy
data provided by the inference mechanism into a physical or numerical quantity to define
the decision process [34].

“ Fuzzification poesie Fuzy Inference ---S%-| |Defuzzfication ‘
Input Engine Output

-
=

\/
Rule base

Figure 8. Fuzzy logic controller structure.
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The optimization using the fuzzy logic technique can significantly reach the global
power point. However, the performance of this control technique depends mainly on the
human expertise. Indeed, the rules developed from the human operator’s expertise are
expressed in linguistic form. Moreover, these rules determine the dynamic performance of
the fuzzy controller [35]. Therefore, applying this reasoning to the incremental algorithm
improves the performance of the extracted power. Figure 9 shows a flowchart of the
developed hybrid FL-INC technique.

k2

Measure V(k), I(k)

-

dV=V(k)-V(k-1)
dI=I(k)-1(k-1)

Ye @ @ Ye N\

dE=E(k)-E(k-1)

1 +_N 7
% "N

l a(k)y=o(k-1)+offset a(k)=o(k-1)+offset a(k)y=o(k-1)-offset

a(ky=o(k-1)-[1

I J

' Return ; /

Figure 9. Flowchart of the hybrid technique FL-INC.

The fuzzy controller proposed in this technique consists of two inputs, E(k) and AE(k),
which are defined by the following equations:

I —I(k—1) | I(K)
EO = v —ve=1 T v (12)
AE = E(k) — E(k — 1) (13)

where E(k) is the derivative of the conductance calculated from the measured voltage and
current. It is nullified when the operating point attains the MPP. Additionally, AE(k) is the
error of the input E(k).

Additionally, the output of this fuzzy controller represents the change in the duty
cycle (0x). Figure 10 shows the selected membership functions for E, AE, and «.
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Figure 10. Membership functions of the input (E, AE) and output (8« variables.

The triangular membership function is chosen for all fuzzy sets because of its simplicity.
The boundaries of the fuzzy variable range are usually normalized between —1 and +1.
The control rules are used to make the decision and decide the action at the output of the
fuzzy controller, which consists of 25 fuzzy rules, and are grouped in Table 4.

Table 4. Base of the fuzzy controller rules used for FL-INC.

E AE NB NS zZ PS PB
NB Z zZ PB PB PB
NS Z z PS PS PS
zZ PS Z Z Z NS
PS NS NS NS zZ Z
PB NB NB NB z Z

Linguistic variables are expressed as: PB: positive big; PS: positive small; Z: zero; NS:
negative small; and NB: negative big.

The control rules can be expressed as follows: rule: if (E is X) and (AE is Y), then (5« is
W), where: X, Y, and W are the fuzzy sets of input and output variables.

The implementation of the different control rules is based on the instructions below:

= If the conductance value is very big, the variation of the duty cycle (dx) must be big
so as to quickly bring this conductance to zero;

= If the conductance value is close to zero, slight variations in the duty cycle should
be applied;

= If the conductance value is close to zero and approaches it quickly, the duty cycle
must be constant to avoid strong overshoot;

= If the conductance reaches zero and the output voltage is not stable, the duty cycle
should be varied a little to reduce fluctuations;

. If the conductance reaches zero and the output voltage of the converter is stable, the
duty cycle should be kept constant;

= If the value of the conductance variation is greater than zero, the variation of the duty
cycle is negative and vice versa.
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5. Simulation Results of the Solar Water Pumping System
5.1. Simulation Conditions

In this section, the MPPT simulation results are obtained through the PSIM simulation
software. Indeed, the efficiency of MPPT by optimization techniques is evaluated under
irradiation conditions similar to the real conditions. Moreover, a variable irradiance profile
(from 200 to 1250 W-m~2) is chosen to test the system performance. This profile includes
fast, slow, strong, and stable fluctuations, as shown in Figure 11.

1200 -
G

E_ 1000 —

% 4 /

8 800
=]
.
=2

= 600+

400 <

200

4 b ty Ly Gl by Ly Ly
T T v T T T N T T
0 1 2 3 4 5 6
Temps(s)

Figure 11. Irradiance profile used for simulation.

The graph in Figure 11 shows the different levels of irradiance fluctuations as a function
of time ¢;, which are modeled by:

. Constant irradiance in the intervals: (0, t1), (t2, t3), (t3, t1), (t4, t5), (ts, t7), and (g, t9);
. Variable irradiance in the intervals: (¢1, t;) and (t7, tg);
= Abrupt changes in irradiance at times t3 and t,;

This irradiation profile is very unstable in terms of meteorology, which is a good test
to evaluate the behavior of the solar pumping system.

5.2. Simulation Results of the Direct Coupling

Figure 12 shows the simulation results of the SWPS in the direct coupled case. It
should be noted that the irradiance variation leads to a significant power fluctuation. In
addition, the power transmitted to the pump is considerably less than that generated by
the GPV, as shown in Table 2. Under standard conditions where the irradiance has a value
of 1000 W-m~2, the motor pump receives a power of 961 W, which presents 58% of the peak
power (1650 W) produced by the GPV. Moreover, a significant variation of the motor pump
voltage is undesirable for the safety of this type of system. Moreover, this configuration
has as a problem the dependence between the power supplied by the GPV and the load
characteristic. Indeed, the optimization of the energy requires another configuration in
which an adaptation unit is introduced downstream of the GPV.
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Figure 12. Simulation results for direct coupling. (a) Instantaneous power extracted from the GPV,
(b) terminal voltage at the pump motor, (c) rotation speed of the pump motor.
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5.3. Simulation Results Using the P&O Optimization Algorithm

Figure 13 shows the evolution of the variables in the indirect coupling between the
GPV and the motor pump using the SEPIC converter in the case of optimization by the P&O
technique. Figure 13a—c shows, respectively, the variation of the instantaneous electrical
power, voltage, and rotational speed of the motor pump as a function of time. Under
the standard irradiation conditions applied to the pumping system, the extracted power
remains much higher and presents an increase of 47% compared with the direct coupling.
In this regard, it is important to note that a clear improvement of the system from the
power point of view with the developed controller is observed. Indeed, the power is
perfectly improved compared with the direct coupling. However, this technique presents
oscillations of about 2 W, while with the decrease in the duty cycle, it is possible to
decrease these oscillations, but the tracking will be much slower. To test the behavior of
the MPPT-P&O technique under a fast variation of the irradiance, the instant t3 presents
an instantaneous drop of this one. Under these climatic conditions, the extracted power
undergoes a decrease proportional to the irradiance. Compared with the direct coupling,
the extracted power remains much higher. Finally, the P&O technique allows a good
optimization of the pumping system. However, the decrease in the increment step of the
duty cycle leads to a decrease in the power fluctuation, while the tracking speed does not
adapt quickly to the irradiance changes. From Figure 13b, compared with direct coupling,
the terminal voltage of the pump motor is significantly improved, especially during abrupt
changes in irradiance (f3, t4, and t5). Moreover, under steady-state conditions, the voltage
has fluctuations of the order of 0.05 V, which is quite acceptable for pump systems. From
Figure 13c, the speed of the motor pump is significantly improved and is almost generated
for the entire range of weather variations. Compared with the direct coupling, this speed is
significantly increased. In fact, it shows a significant improvement in that it has become
667 rpm instead of 310 rpm, a gain of 46%.

2000

(a)

—

1750

1500 4 /

1250

] ’ 900 N

1000 4 1423 Mmm WMW\ 1

11622

750 - J\ 1800
1621

PGPV(W)

1700

500 1.6551 1.6560

(S}
N
2
[
in
)

250

T T T T T T T T T T
0 1 2 3 4 5 6
Time (s)

Figure 13. Cont.
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Figure 13. Simulation results associated with the P&O technique. (a) Instantaneous power extracted
from the GPV, (b) terminal voltage at the pump motor, (c) rotation speed of the pump motor.

5.4. Simulation Results Using the M-INC Optimization Algorithm

Figure 14 shows the simulation results of the indirect coupling between the GPV
and the motor pump using the SEPIC converter endowed with the M-INC technique.
Figure 14a—c shows, respectively, the variation of the instantaneous electrical power, volt-
age, and rotational speed of the motor pump as a function of time. From Figure 14, it is
important to note that the tracking speed is significantly higher than that obtained by the
P&O technique. Indeed, under standard conditions, a value of 1654 W is noted, which is
a gain of almost 3% compared with the P&O technique. In addition, the behavior of the
M-INC control is quite satisfactory. Indeed, the tracking speed is significantly improved
due to the fact that the system adapts quickly to changes. However, in the case of sudden
changes in irradiance (t3), the system suffers from overshoot, which affects the quality of the
energy transmitted to the motor pump. The speed of the motor pump with this technique
is significantly improved compared with the P&O technique, as shown in Figure 14c. The
same behavior is observed for the voltage characteristic curve. Finally, the results obtained
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highlight the drawbacks of coupling by the M-INC technique for an application where the
irradiance variation is very unstable. The power is significantly improved and does not
deviate much from the MPP under unstable weather conditions, except that it suffers from

power overshoot, which will affect the power quality.
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Figure 14. Simulation results associated with the M-INC technique. (a) Instantaneous power extracted
from the GPV, (b) terminal voltage at the pump motor, (¢) rotation speed of the pump motor.

5.5. Simulation Results Using the FL-INC Optimization Algorithm

Simulation results of the hybrid FL-INC technique of indirect coupling by a SEPIC
converter with this algorithm are shown in Figure 15. It is interesting to note that this
technique has a significant effect on overshoot, which is greatly attenuated compared
with the M-INC technique. In addition, this technique improves the quality of the power
transmitted to the SWPS while ensuring the required performance for such a system.
Finally, the extracted power has a more improved character compared with the other
techniques, as the tracking rate quickly reaches the maximum power point under different
weather conditions. In addition, this power reflects the available solar energy potential
while contributing to the preservation of the environment and the reduction of greenhouse
gas emissions and climate change mitigation. This is due to the fact that this power presents
a sufficient amount of solar water pumping applications.
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Figure 15. Simulation results associated with the FL-INC technique. (a) Instantaneous power
extracted from the GPV, (b) terminal voltage at the pump motor, (c) rotation speed of the pump motor.

6. Comparative Study between the Studied Optimization Techniques

Figure 16 shows the simulation results of the instantaneous power extracted from the
GPV across the four types of coupling, that is, direct coupling and coupling by an MPPT
tracker. The latter is controlled by three types of algorithms: P&O, modified incremental,
and hybrid FL-INC. The efficiency of the SWPS is very influenced by the weather con-
ditions and the operating point of the system. The results in Figure 16 show that with
direct coupling, the system efficiency is poor and the system operates farther from the
maximum power point. The SEPIC converter with MPPT control has variable efficiency and
tracking dynamics. With the P&O technique, the tracking of the power point is significantly
improved over direct coupling, but the system is not able to have a better tracking speed
during sudden changes in irradiance. The M-INC technique can overcome the tracking
problem, but suffers from power overshoot during sudden irradiance changes compared
with the hybrid technique.
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Figure 16. Instantaneous power of different solar water pumping techniques studied.

To show the influence of the power point tracking techniques on the solar water pump-
ing flow rate, the histogram in Figure 17 presents a comparative study of the flow rate for
each technique used. In fact, the flow rate in this simulation is calculated from a rotational
speed that varies over the entire range of the simulation. According to Equation (3), the
calculated flow rate is directly in proportion to the speed motor in the simulation. From
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the results, the hybrid technique has a better pumping rate than the others, that is, 55%
rate compared with direct coupling, 8.5% compared with the P&O technique, and 5% rate
compared with M-INC. Finally, the hybrid technique based on fuzzy logic for the artifi-

cial intelligence and the incremental technique has effectively improved the performance
of SWPS.

100
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| 100
40 91.53 95

Water flow (%)

20

EDirect WP&O ®M-INC = FL-INC

Figure 17. Water flow pumped from different techniques.

7. Conclusions

In this paper, the behavior and functioning of a solar water pumping system are
studied. In a direct coupling, the performance of the system is related to the operating point.
The latter can be more or less distant from the MPP as a function of climatic conditions. In
this case, the efficiency of the MPPT depends strongly on the meteorological data and the
characteristics of the motor pump. In this perspective, the improvement of the efficiency
and power transfer quality of the system is provided by the SEPIC converter proposed in
this study. Then, different control techniques of the SEPIC converter have been developed
to optimize the power transfer. Finally, the analysis of the simulation results reveals that
the combined hybrid method of fuzzy logic and the INC technique provides excellent
static and dynamic performance compared with other techniques in terms of robustness,
efficiency, stability, and tracking speed. According to the simulation results, the hybrid
FL-INC technique provides a pumping rate gain of 5% over the M-INC technique, 8.5%
over the P&O technique, and 55% over the direct coupling. The perspectives of this research
work would be to test the developed optimization techniques in a real operating context.
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Abbreviations

SWPS solar water pumping system

FL-INC fuzzy logic and incremental conductance
SEPIC single-ended primary inductance converter
INC incremental conductance

M-INC modified incremental conductance

P&O perturb and observe

HC hill climbing

ABC artificial bee colony

PV photovoltaic

IGBT insulated gate bipolar transistor

MOSFET metal oxide semiconductor field effect transistor
GPV generator photovoltaic

MPP maximum power point

MPPT maximum power point tracking
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