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Abstract

This paper investigates enhancing the efficiency of solar water pumping systems (SWPS)

by implementing a Maximum Power Point Tracking technique based on the Bat Metaheuris-

tic Optimizer (MPPT-bat) for the photovoltaic generator (PVG) side, coupled with Direct Tor-

que Control (DTC) for the induction motor powering the pump. Unlike traditional techniques,

which make no compromise between tracking speed, oscillation and robustness. The inte-

gration of the MPPT-bat represents a significant advance, making it possible to improve

PVG performance whatever the weather conditions. The main objective remains to improve

the energy efficiency of this type of application by maximizing the electrical power allocated

to the SWPS. At the same time, a DTC controller applied to the pump motor aims to optimize

the use of the energy generated by the MPPT-bat. This intelligent approach adjusts the

motor power according to the power extracted from the PVG, thus avoiding inappropriate

profiles for the pumping system. The study confirms that optimizing SWPS using this

approach based on MPPT-bat and DTC, significantly improves overall performances in

terms of tracking error, oscillations, tracking speed and robustness, promotes more efficient

pump rotation and, consequently, increases the flow rate of pumped water, and that these

improvements persist under different climate conditions.

1. Introduction

Faced with environmental and energy challenges, sustainable agriculture encounters a major

problem in regions where rainfall is insufficient to meet water requirements. In this context,
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the implementation of pumping systems becomes imperative to ensure an adequate water sup-

ply [1, 2]. Historically, solutions to this water shortage have often relied on the use of diesel or

butane pumps. However, the advent of solar-powered pumping systems today represents both

an environmentally friendly and economically advantageous alternative, marking a significant

departure in energy choices for agricultural irrigation as reported in [3–5]. The viability studies

carried out unequivocally confirm the numerous advantages of solar water pumping systems

over their conventional counterparts in [6, 7]. This finding establishing their superiority

makes solar systems an undisputed priority for meeting the growing water needs of agricul-

ture, particularly in areas characterized by limited water resources. By embracing this transi-

tion to sustainable energy solutions, agricultural areas can not only overcome the challenges of

limited water availability, but also make a significant contribution to preserving the environ-

ment by reducing their carbon footprint and promoting a more responsible use of natural

resources [8]. The widespread adoption of solar-powered pumping systems is therefore a stra-

tegic and beneficial move, both environmentally and economically for the future of

agriculture.

The challenges facing the world’s energy supply are extremely diverse, ranging from contin-

ued dependence on fossil fuels to major environmental concerns linked to greenhouse gas

emissions. The urgent need to reduce these emissions while ensuring a stable energy supply

has highlighted the crucial importance of renewable energies [9, 10]. Among these alternative

sources, solar energy stands out for its inestimable potential, particularly in regions of the

globe with abundant sunshine. The judicious exploitation of this solar resource offers a signifi-

cant opportunity to help mitigate the effects of climate change, while meeting growing energy

needs in a sustainable way Indeed, the increased use of solar energy represents a promising

way of overcoming current and future energy challenges, marking a transition towards more

sustainable, environmentally friendly energy practices [11]. The increasing use of solar energy

as a viable and renewable energy solution is becoming an essential strategy for tackling the

complex energy challenges facing the world. This transition to more extensive use of solar

energy will not only help to reduce greenhouse gas emissions, but will also help to create a

more resilient, promising and sustainable energy future on a global scale [12].

Solar energy is emerging as an innovative source with multiple applications, revolutionizing

diverse sectors such as electrification of remote regions [13], powering structures [14], as well

as transport and agriculture [15]. Among these applications, solar water pumping systems are

particularly significant, offering the possibility of irrigating agricultural fields far from tradi-

tional power grids, thus making a substantial contribution to promoting sustainable agricul-

ture and guaranteeing local food security. Exploring these diverse applications in detail, it

becomes apparent that solar energy stands out for its exceptional versatility. However, to fully

optimize the use of solar energy, specific technical challenges need to be overcome. These

include the continuous improvement of technologies such as solar cells and solar trackers,

with particular emphasis on maximum power point tracking (MPPT) [16], the control of

pumping machines [17, 18], and, DC-DC converters [19, 20]. The latter devices play a crucial

role in real-time adjustment of the static DC-DC converter duty cycle to manage the amount

of energy available in the PV grid, thus maximizing solar energy capture [21].

It is imperative to highlight that advances in MPPT technology in these areas are funda-

mental to significantly increasing the efficiency of solar energy, and to solving practical prob-

lems that arise when it is used on a large scale. Ongoing research and innovative development

in solar technologies are crucial to unlocking the full potential of solar energy and driving a

global energy transition to renewable sources. Traditional MPPT methods, such as P&O [22]

and INC [23], are widely used to optimize GPV power generation. They adjust electrical

parameters, such as voltage or current, to track the MPP. The tracking speed of conventional
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MPPTs can be slow, resulting in insufficient responsiveness to changes in weather conditions,

such as temperature or irradiance [24], and therefore sub-optimization of energy. In fact, these

traditional techniques always have a trade-off between tracking speed and oscillations, and

these two performances are inverse. In fact, increasing the tracking speed leads to significant

oscillations around MPP, which is not only inefficient, but can also lead to premature degrada-

tion of system components. To overcome these problems, traditional variable-step MPPT

techniques are used in [25, 26]. However, another major drawback is that these techniques do

not always distinguish between the local power point and the global power point in the case of

partial shading, which limits their ability to maximize the energy produced by photovoltaic

panels under different conditions [27]. To overcome these limitations, the use of artificial

intelligence-based techniques, such as neural networks [28], and genetic algorithms [29], is

proving effective. However, learning and testing phases are essential to adapt these techniques

to the specificities of solar panels, and powerful computers are required to solve tracking speed

problems.

The transition to clean energy sources is imperative. It requires MPPT optimization tech-

niques that are at the cutting edge of current research. These techniques are based on the

search for optimal solutions using natural phenomena such as Particle Swarm Optimization

(PSO) [30], Frog-Leaping [31], Firefly Based Ant Colony (FBAC) [32] and MPPT-bats. These

techniques require no training other than prior testing on PVGs, and are adaptable to all kinds

of solar applications. This research paper discusses the bat metaheuristic method, which offers

an innovative approach, drawing on biological concepts to solve the problems described

above. This approach represents a significant advance in optimizing the energy efficiency of

solar water pumping systems. By adjusting electrical parameters as a function of distance from

the point of maximum power, this method guarantees rapid responsiveness to changing

weather conditions, while minimizing unwanted oscillations. In addition, it makes a more pre-

cise distinction between local and global power points, enabling more accurate and efficient

adaptation to actual conditions [33]. Applying the bat method to a solar water pumping system

enables more optimal use of solar energy, thus contributing to more sustainable management

of energy resources.

Solar pump system optimization depends heavily on control of the induction machine,

which contributes significantly to energy efficiency. This control covers all components, from

the photovoltaic generator to the motor pump. The latter assumes particular importance in

meeting crop water requirements via the hydraulic system. An inappropriate pumping profile

can lead to significant pressure losses and problems that can result in damage to the system

[34]. To ensure the safety of these installations, a pump motor control strategy is required.

Here’s where direct torque control (DTC) is particularly relevant. The DTC controller has the

advantage of being relatively simple to implement, requiring fewer hardware components and

sensors than other control techniques [35]. This simplicity facilitates maintenance and

increases the system’s durability. As a control system, DTC provides fast, precise control of

solar pump motors. Its distinctive feature derives from its ability to adjust motor torque in real

time as conditions require, without the need for a complex external control loop. Integrating

the DTC into solar water pumping systems offers the possibility of maximizing energy effi-

ciency while ensuring a reliable supply of water for crop irrigation.

The aim of this research paper is to improve the energy efficiency of solar water pumping

systems by using a two-stage process. In the first phase, attention is focused on the maximum

extraction of energy generated by PVGs using the MPPT-Bat technique. This method adjusts

the PVG parameters in real time to extract the fully of available energy. The second part of the

study focuses on the application of DTC control to ensure optimum exploitation of the energy

generated by the PVGs through the induction machine. As such, the DTC controller is
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deployed to ensure optimum performance of solar water pumping systems by precisely and

responsively controlling motor torque, helping to ensure efficient use of available solar energy.

This integrated approach, combining Bat optimization and DTC control of pumping motors,

aims to maximize the energy efficiency of these systems crucial to water supply in agricultural

environments.

This paper makes several notable contributions, which are highlighted as follows:

• An approach to optimize SWPS using MPPT-Bat approach on the PVG side and DTC on

the induction motor side.

• Under different weather conditions, the MPPT-bat technique is characterized by the ability

to extract maximum power from PVG side. Meanwhile, the DTC optimize the use of the

energy generated by the PVG. It provides precise, responsive control of the pump motor.

• Following a description of the system, a model of the entire SWPS is presented.

• A carefully selected setpoint profile, derived from the evolution of the actual irradiance

recorded by an experimental weather station, is used to evaluate the performance of the two

proposed techniques.

• The results highlight the effectiveness found in terms of variations, accuracy and tracking

speed.

• Both techniques offer significant advantages for SWPS, providing a convincing solution for

improving the overall performance and energy efficiency, although the parameters of each

technique must be carefully selected according to the size of the installation in order to guar-

antee the good performances.

The remainder of this paper is organized as follows. Section 2 describes the modeling of this

system, just as Section 3 explores the proposed optimization techniques Bat and DTC. Section

4 deals with a parametric study, analyzing the results and their implications. Finally, Section 5

summarizes the results and outlines prospects for future research.

2. Solar water pumping system modeling

This section is devoted to modeling the different components of the solar water pumping sys-

tem under investigation, which is illustrated in full in Fig 1. At the heart of the system is the

photovoltaic generator (PVG), responsible for converting solar energy into electricity to power

the motor-pump assembly. To improve the efficiency of energy production, the use of a boost

converter regulates the duty cycle using a metaheuristic method based on the bat principle.

This Bat optimization technique is used to accurately monitor the amount of energy available

in the PVG in real time. The inverter, guided by the DTC control, adjusts the energy of the

asynchronous machine according to the amount of energy available at the output of the

DC-DC converter in an optimal way. The asynchronous motor, because of its robustness and

ability to operate efficiently in a wide range of environments, turns the centrifugal pump to

transport water to agricultural areas. The synergy of these components contributes to the over-

all performance of the solar water pumping system, ensuring efficient use of solar energy in

the context of sustainable agricultural irrigation.

2.1 PVG for solar water pumping system

Fig 2 depicts a two-diode electrical model [36]. This is the key element in in-depth studies of

solar cell behavior within photovoltaic modules. The PV cells as the fundamental elements of

these modules are often arranged in series and in parallel to create photovoltaic generators
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capable of producing the necessary voltage and current. In each photovoltaic module, several

cells are carefully assembled, establishing series and parallel connections. This complex config-

uration meets the system’s need for sufficient electrical energy. Modeling solar cells is a deli-

cate process, involving the choice of an appropriate model that may comprise one, two or even

three diodes. This choice depends closely on the specific characteristics of the cells, such as the

type of material used and the percentages of losses modeled by resistance and precision as a

function of climate change.

The current-voltage characteristics of a photovoltaic cell are expressed in Eq (1) [37], where

the thermodynamic potential (Vth) is determined by key factors such as temperature, the Boltz-

mann constant (K), the electron charge (e), and the junction non-ideality factor (n1, n2). Tem-

perature has a significant influence on the thermodynamic potential, while the Boltzmann

constant (K) provides adjustments related to the energy distribution. The electron charge (e) is

a fundamental component, and the non-ideality factor of the junction (n1, n2) introduces real-

istic nuances. These elements interact in a complex way to give the relationship between cur-

rent (I) and voltage (V) at the cell output, which makes it possible to define the electrical

performance of the photovoltaic cell under given conditions.

I ¼ Iph � ID1 exp
VþI:Rs
n1VthNs � 1

h i
�
V þ I:Rs

Rsh
� ID2 exp

VþI:Rs
n2VthNs � 1

h i
�

1

Rsh
ðIRs þ VÞ ð1Þ

Fig 1. SWPS description diagram.

https://doi.org/10.1371/journal.pone.0309330.g001

Fig 2. Two-diode electrical model of a photovoltaic cell.

https://doi.org/10.1371/journal.pone.0309330.g002
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Table 1 shows the various parameters of the main electrical characteristics inherent in each

module studied. This is a Centrosolar America EP7 295 SW. The generator has five modules in

series and one string in parallel.

Fig 3 completes the picture by highlighting the variation of the photovoltaic generator’s out-

put in relation to irradiation fluctuations. This graphical representation clearly and concisely

visualizes the direct impact of irradiation on the energy performance of the photovoltaic array,

providing valuable information for the optimization and efficient management of solar power

generation.

2.2 MPPT for solar water pumping system

The maximum power point tracker is an essential component of the solar water pumping sys-

tem, designed as a boost converter composed of a inductor, a power switch and two filter

capacitors, as shown in Fig 4. Its basic function is to regulate the generator output voltage by

adjusting the duty cycle, using the MPPT-Bat technique in order to obtain the maximum

power voltage. This process is designed to optimize energy transfer from the PVG to the cen-

trifugal pump via the inverter, thereby maximizing the energy efficiency of the solar water

pumping system. Eq (2) [38] describes the relationship between the input/output voltage of

this tracker as a function of the duty cycle.

VDC ¼
VGPV

1 � a
ð2Þ

The Table 2 shows the different parameters of boost converter used in this investigation.

2.3 Voltage inverter for solar water pumping system

The voltage inverter is a static converter used to convert the DC bus voltage at the output of

the boost converter into an AC voltage to power the induction motor employed to turn the

Table 1. EP7 295 SW parameters.

TVoc TIsc Vmpp Impp Pmpp Isc Voc

-0.0334 /deg.C 0.0655%/deg.C 35.47 V 8.32 A 295 Wc 8.95A 46.2V

https://doi.org/10.1371/journal.pone.0309330.t001

Fig 3. PVG Power characteristics under various irradiance.

https://doi.org/10.1371/journal.pone.0309330.g003
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pump. It is used to impose variable amplitude and frequency voltages on the motor in relation

to the control commands for this solar water pumping system. The schematic diagram of this

two-level voltage converter is shown in the Fig 5.

The architecture of this converter includes three independent arms, each equipped with

two power switches. Each power switch is designed with a thyristor or a transistor associated

with a diode in antiparallel. This switch must be equipped with a control circuit and a cooling

block. The pairs of switches must be controlled in a complimentary way for the good of the

installation. The state of the switches is defined by three Boolean control variables Hi

(i = 1,2,3). These will also be determined by the DTC control strategy described in this article.

The conversion matrix used to model this type of energy transfer is given by Eq (3), where the

simple voltages delivered by the inverter are obtained directly from the states of the control

Fig 4. MPPT-bat for solar water pumping system.

https://doi.org/10.1371/journal.pone.0309330.g004

Table 2. Parameters of boost converter.

Variable Value

C1, C2 1mF
L 3.7mH

https://doi.org/10.1371/journal.pone.0309330.t002
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variables H1,2,3, which represent the control signals.

va
vb
vc

2

6
4

3

7
5 ¼

1

3
VDC

2 � 1 � 1

� 1 2 � 1

� 1 � 1 2

2

6
4

3

7
5

H1

H2

H3

2

6
4

3

7
5 ð3Þ

2.4 Asynchronous motor for solar water pumping system

The induction motor takes a leading role in the energy chain of this solar water pumping sys-

tem. Its role is crucial, as it acts as a connecting link between the inverter, responsible for con-

verting the energy extracted from the MPPT-PSO available in the DC bus into AC energy, and

the centrifugal pump that efficiently extracts the water from its source. This remarkable rela-

tionship between the asynchronous motor and the system components generates a continuous

flow of water, guaranteeing a reliable and constant supply to meet agricultural needs. It is

therefore of the utmost importance to establish a formalized understanding of the behavior of

the asynchronous motor. This can be achieved by describing its mathematical model in the ref-

erence frame (α, β), taking into account the many parameters. This model reduces the com-

plexity of the machine’s three-phase representation (a,b,c), and it is expressed by the following

equations [39].

• Electrical equations:

vsa ¼ Rs:isa þ
dcsa

dt

vsb ¼ Rs:isb þ
dcsb

dt

vra ¼ Rr:ira þ
dcra

dt
þ om:crb

vrb ¼ Rr:irb þ
dcrb

dt
� om:cra

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

ð4Þ

Fig 5. Structure of a two-stage voltage inverter for SWPS.

https://doi.org/10.1371/journal.pone.0309330.g005

PLOS ONE New combined MPPT optimization approach based on bat metaheuristics and DTC for sustainable WPS

PLOS ONE | https://doi.org/10.1371/journal.pone.0309330 December 30, 2024 8 / 24

https://doi.org/10.1371/journal.pone.0309330.g005
https://doi.org/10.1371/journal.pone.0309330


• Magnetic equations:

csa ¼ Lsisa þM:ira
csb ¼ Lsisb þM:irb

cra ¼ Lrira þM:isa

crb ¼ Lrirb þM:isb

8
>>>>>><

>>>>>>:

ð5Þ

• Mechanical equations:

Tem ¼ p:ðcsaisb � csbisaÞ ð6Þ

J:
dO
dt
þ f :O ¼ Tem � Tr

• The expression for electromagnetic torque is given by the following equation:

Tem ¼ p:ðcsa:isb � csb:isaÞ ð7Þ

The asynchronous motor draws its essence from these different principles, which can be

presented in matrix format by Eq 8. This holistic approach provides a comprehensive under-

standing of the nuances involved in asynchronous motor operation, facilitating efficient use

and optimization of the entire system.

d
dt

isa
isb
csa

csb

2

6
6
6
6
4

3

7
7
7
7
5
¼

�
1

s

1

ts
þ

1

tr

� �

or

� Rs

0

� or

�
1

s

1

ts
þ

1

tr

� �

0

� Rs

1

sLstr

�
or

sLs

0

0

or

sLs

1

sLstr

0

0

2

6
6
6
6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
7
7
7
5

:

isa
isb
csa

csb

2

6
6
6
6
4

3

7
7
7
7
5
þ

1

sLs

0

1

0

0

1

sLs

0

1

2

6
6
6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
7
7
5

:
Vsa

Vsb

" #

ð8Þ

with, s ¼ 1 � M2

LsLr
, ts ¼

Rs
Ls

,tr ¼
Rr
Lr

.

The Table 3 shows the different parameters of the asynchronous motor used in this

investigation.

Table 3. Parameters of induction motor.

Variable Value

Pair pole number 4
Stator resistance Rs = 6.751 Ω
Rotor resistance Rr = 6.215 Ω

Mutual inductance Lm = 0.5 H

Total inertia J = 0.0144 Kg.m2

Self-inductances Ls = 0.52H; Lr = 0.52 H

Viscous frictions f = 0.0020 Kg.m2/s

https://doi.org/10.1371/journal.pone.0309330.t003
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2.5 Centrifugal pump for solar water pumping system

The industry has made remarkable progress in developing various types of hydraulic pumps,

such as positive displacement, piston and centrifugal models. The centrifugal pumps became

the most appropriate choice for pumping applications [40]. This is because the resistive torque

generated by the centrifugal pump is ingeniously formulated to respect the quadratic structure

of the drive speed, as elegantly demonstrated by Eq (9). A careful analysis of the characteristics

of the torque/speed relationship reveals the insignificance of the initial torque exerted on the

pump. This characteristic can be attributed to the pump’s remarkable ability to operate opti-

mally even at extremely low solar irradiation levels. As solar irradiation levels increase, the

drive motor can reach higher speeds, inducing instantaneous flow.

Tr ¼ A:O2
ð9Þ

Q2 ¼
O1

O2

:Q1 ð10Þ

3. Solar water pumping system optimization

This section is devoted to the two approaches used to optimize solar water pumping systems.

First, the MPPT metaheuristic technique based on the Bat principle. The main objective is to

maximize the extraction of available power from the PVG. This intelligent approach adjusts

the electrical parameters of the solar water pumping system in real time to ensure that the

PVG is constantly operating at the MPP. Furthermore, particular attention focuses on the

DTC technique applied to the induction motor side of the system. This approach aims to make

more efficient use of the power extracted from the solar generator. By regulating the torque

and magnetic flux of the induction motor directly and precisely. This dual approach, combin-

ing MPPT to optimize solar extraction and DTC for efficient generator operation, is a power-

ful strategy for improving the reliability and overall efficiency of solar water pumping systems.

3.1 Optimization technique based on the Bat principle

The bat technique is a metaheuristic optimization method inspired by nature. This technique

is used to improve the energy efficiency of a photovoltaic system. In this context, the main

objective is to adjust the PV generator’s electrical parameters, such as operating voltage and

current, in order to maximize the power output of PVGs [41]. The bat metaheuristic method

aims to find efficient solutions without the need for testing, training or non-linear modeling of

the PVGs. It focuses on optimizing the electrical parameters PVGs without requiring a precise

model. The bat algorithm, by its iterative nature, constantly strives to find the optimal maxi-

mum power point, reacting to changing environmental conditions.

The first step consists of initializing the photovoltaic system, where the specific parameters

of the PVG are defined, such as maximum operating voltage, short-circuit current, and rated

power. In addition, the parameters of the bat algorithm are also initialized, such as the number

of bats, the pulse frequency, the pulse amplitude, and the search bounds for the PV generator

parameters. At the start of the optimization, the chopper duty cycle is initialized to 0.5, which

assumes that the operating point of the pumping system lies at the intersection of the current-

voltage characteristics of the PVG and the torque imposed by the induction motor.

Once the system is configured, the main loop of the bat algorithm begins. Bats position

themselves randomly (xi) and fly randomly with fixed velocity (vi) and frequency (f),
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respectively according to Eqs (12–13) [42], and vary wavelengths when foraging [43]. At each

iteration, the bats adjust their frequencies by a random vector drawn from a uniform distribu-

tion that corresponds to the electrical voltage of PVGs, thereby adjusting their positions

according to Eq (11). This generally involves modifying the operating voltage to get closer to

the global power point.

xtþ1

i ¼ xti þ vtþ1

i ð11Þ

vtþ1

i ¼ vti þ xti � x∗
� �

fi ð12Þ

fi ¼ fmin þ ðfmax � fminÞb ð13Þ

Once the various outputs have been calculated, the algorithm compares these values to find

the optimum output, which corresponds to the maximum overall power the PVG can deliver

under the given operating conditions. To do this, it calculates the errors between the different

power ratings and selects the best solution that optimizes overall system performance.

System performance is assessed by calculating the power output of the PVG parameter set,

using the current irradiation conditions. The process continues by updating the best set of

local and global parameters based on the calculated performance of each individual. The aim is

to identify the parameters that maximize energy production. The tracking error is calculated

by subtracting the measured current power of the solar array with the best overall power

found. This error represents the gap between the PV generator’s current performance and its

optimum potential. Finally, the PVG parameters are adjusted according to this tracking error,

enabling the system to converge towards the MPP. At the end of the loop, once predefined

stopping criteria has been reached (such as a specific number of iterations), the optimal electri-

cal parameters of the PVG are determined [44]. These parameters aim to maximize the solar

panel’s power output under the environmental conditions. The stages of this process are

described in detail in the diagram in Fig 6. The parameters used to optimize the pumping sys-

tem are shown in Table 4.

3.2 DTC techniques for solar water pumping systems

The control strategy used to drive the induction machine is based on Direct Torque Control.

This approach is chosen to optimally exploit the energy generated by the MPPT, which is

based on the bat metaheuristic technique. The fundamental objective of DTC is to continu-

ously adjust stator energy flow and electromagnetic force by implementing hysteresis control-

lers and a switching table to control the inverter, as shown in Fig 7.

To simplify the study of the time equations, a transformation is performed on the three-

phase stator field windings, converting them into fictitious two-phase windings in the (α, β)

reference frame using the Concordia transformation, the calculation procedure which is

defined by Eq (14) [45]. This transformation facilitates the estimation of stator flux and elec-

tromagnetic torque. The components (α, β) of the stator currents and voltages are used to cal-

culate the stator flux and electromagnetic torque, as detailed later. This approach offers a more

practical representation of the relevant variables in this repository for better management of
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the induction machine control system.
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Fig 6. Pseudocode for MPPT-bat technique.

https://doi.org/10.1371/journal.pone.0309330.g006

Table 4. various parameters of MPPT-Bat.

Voc Icc N alpha Dmin A Ni Dmax fi
240 V 11 A 45 0.67 0.1 0.5 70 0.6 0.1

https://doi.org/10.1371/journal.pone.0309330.t004

PLOS ONE New combined MPPT optimization approach based on bat metaheuristics and DTC for sustainable WPS

PLOS ONE | https://doi.org/10.1371/journal.pone.0309330 December 30, 2024 12 / 24

https://doi.org/10.1371/journal.pone.0309330.g006
https://doi.org/10.1371/journal.pone.0309330.t004
https://doi.org/10.1371/journal.pone.0309330


a. Stator flux estimation. The Stator flux is estimated from stator voltage and current vec-

tors, expressed by Eq (15).

�csðtÞ ¼
Z t

0

ð�Vs þ Rs:
�I sÞ:dt ð15Þ

The stator flux vector is calculated from its two-phase components of axes (α,β), as in

Eq (16).

�cs ¼ csa þ j:csb ð16Þ

The stator flux modulus is written as:

ĉs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ĉ2
sa þ ĉ

2
sb

q

ð17Þ

With,

ĉsa ¼

Zt

0

vsa � Rs:isað Þ:dt ĉsb ¼

Zt

0

vsb � Rs:isb
� �

:dt ð18Þ

The stator current components are obtained by applying the Concordia transformation to

the measured currents.

isa ¼
ffiffiffi
3

2

r

:isa

isb ¼
1
ffiffiffi
2
p :ðisb � iscÞ

8
>>><

>>>:

ð19Þ

The components of the stator voltage vector vsα and vsβ are obtained from the measurement

of the DC voltage Vdc and the state of switches H1,2,3, using Eq (20).

vsa ¼
ffiffiffi
3

2

r

:Vdc: H1 � ðH2 þ H3Þ½ �

vsb ¼
1
ffiffiffi
2
p :Vdc:ðH2 � H3Þ

8
>>><

>>>:

ð20Þ

The sector Si in which the stator flux vector lies is determined by the components ψsα and

Fig 7. DTC control principle applied to the solar water pumping system.

https://doi.org/10.1371/journal.pone.0309330.g007
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ψsβ. The angle θs between the stator frame of reference and the vector ψ!s, calculated by

Eq (21).

ys ¼ arctgð
ĉsb

ĉsa

Þ ð21Þ

b. Electromagnetic torque estimation. The electromagnetic torque can be estimated

from the estimated fluxes and measured currents, and expressed in the form of Eq (22). From

this equation, it can be seen that the accuracy of the electromagnetic torque modulus depends

on the accuracy of the stator current measurement and the quality of the stator flux estima-

tion.

T̂ em ¼ p:ðĉsa:isb � ĉsb:isaÞ ð22Þ

c. Flux controller design. This corrector is designed to keep the end of the flux vector

within a circular band, as shown in the Fig 8. A hysteresis comparator is used for stator flux

correction. The comparator output indicates the direction of flux modulus evolution, in order

to select the appropriate voltage vector. The difference between the reference flux and the esti-

mated flux is entered into a two-level hysteresis controller, which generates the Boolean vari-

able Hψ at its output [46]. This variable directly indicates whether the flux amplitude should

be increased (Hψ = 1) or decreased (Hψ = 0) in order to keep the difference between the esti-

mated flux and the flux reference within a hysteresis width Δψ, and the inequation jε ¼

cref ĉj � Dc should be checked. If ε> Δψ or ε ˂- Δψ, this means that the flux is moving out

of the hysteresis band. In the first case, we’ll need to impose a voltage vector that will increase

the flux modulus. In the second case, we’ll impose a voltage vector whose effect will be to

decrease the flux modulus.

d. Torque controller design. The principle of this hysteresis corrector is illustrated in

Fig 9. Its role is to maintain the electromagnetic torque within the difference between the refer-

ence torque and the estimated torque within a hysteresis band. This difference is fed into a

three-level hysteresis comparator, which generates at its output a Boolean variable directly

indicating whether the torque amplitude should be increased in absolute value (HTem = 1 for a

positive setpoint and HTem = -1 for a negative setpoint) or decreased (HTem = 0). It should be

Fig 8. Hysteresis comparator principle for stator flux control.

https://doi.org/10.1371/journal.pone.0309330.g008
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noted that increasing the levels of the corrector minimizes the average switching frequency of

the switches [46].

e. Switching table design. The two-level voltage inverter supplies the asynchronous

motor via a control command generated from a switching table of this DTC controller. The

latter selects the appropriate voltage vector at each sampling time according to the state of the

Boolean variables (Hψ & HTem) at the output of the two flux correctors and the electromag-

netic torque, as well as the Si sector giving information on the position of the flux vector in the

(α,β) space, which is summarized by the Table 5 [47].

4. Results and discussion

The performance of the SWPS is related to the region’s solar deposit and its evolution in rela-

tion to other climatic changes such as temperature, humidity and especially irradiance, which

is the most important and variable parameter during the day. In this contribution, we keep all

parameters constant and test the robustness of the system as a function of irradiance, because

the other parameters act with a very low correction coefficient, so that, for example, the mod-

ule temperature studied affects power by 0.0334. However, as the performance is closely linked

to the amount of irradiation available, it must be evaluated by carefully choosing the most

appropriate form of evolution of this variable. This contribution is based on real irradiation

data collected by a meteorological station at the Meknes Faculty of Science, recorded every

Fig 9. Electromagnetic torque hysteresis controller.

https://doi.org/10.1371/journal.pone.0309330.g009

Table 5. DTC controller switching table.

Secteur Si
Hψs HCem S1 [-π/6,π/6] S2 [π/6,3π/6] S3 [3π/6,5π/6] S4 [5π/6,7π/6] S5 [7π/6,9π/6] S60 [9π/6,11π/6]

1 1 v2 v3 v4 v5 v6 v1
0 v7 v0 v7 v0 v7 v0
-1 v6 v1 v2 v3 v4 v5

0 1 v3 v4 v5 v6 v1 v2
0 v0 v7 v0 v7 v0 v7
-1 v5 v6 v1 v2 v3 v4

https://doi.org/10.1371/journal.pone.0309330.t005
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hour during the year 2022. This station records minimum, average and maximum variations

in several meteorological parameters such as temperature, wind speed, precipitation, irradia-

tion and many other climatic parameters. The choice of setpoint for performance tests must be

based on the evolution of real values; in this case, it is based on the analysis of the evolution of

36 days, randomly selected, corresponding to the first, tenth and twentieth days of each

month, as illustrated in Fig 10. A detailed analysis of the data revealed different forms of irradi-

ance profile during time intervals, such as uniform ("constant change"), abrupt ("rapid

change") and constant ("constant value"). It should also be noted that the irradiation profile

illustrated corresponds to the average irradiation; according to a detailed analysis of this vari-

able by the monitoring station, its maximum variation can reach 250w.m-2 compared to the

average irradiation. In addition, a maximum value of 1152w.m-2 was reached on Tuesday,

May 03, 2022, in the region.

4.1 Irradiance profile used to assess the performances of SWPS

The performance of the solar water pumping system is evaluated in this study using two differ-

ent approaches. Firstly, the global power point tracking method using the bat metaheuristic

technique on the PVG side. Secondly, the extracted energy is utilized by a DTC controller on

the induction machine side. This evaluation is carried out under fluctuating irradiance

Fig 10. Average irradiance in the region in 2022.

https://doi.org/10.1371/journal.pone.0309330.g010
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conditions, simulating realistic situations. This analysis is based on the results shown in Fig 10.

To test the robustness of the solar water pumping system, the profile used in Fig 11 is specially

designed to include fast, slow, abrupt and habitual changes. These variations represent a

remarkable test that provides an in-depth assessment of the system’s operation under diverse

and dynamic conditions that reflect the reality of irradiance changes.

4.2 Simulation results

Fig 12 shows the evolution of the main electrical, mechanical and hydraulic parameters of the

solar water pumping system, namely Fig 12(a) the power obtained from the photovoltaic gen-

erator using the MPPT-bat technique, Fig 12(b) the speed of the motor-pump unit using the

DTC technique, Fig 12(c) the instantaneous flow rate as a function of time, Fig 12(d) the evolu-

tion of the electromagnetic torque of the induction machine and Fig 12(e) the current

absorbed by the machine as a function of time. These quantities are used to evaluate the perfor-

mance of the system.

4.3 Analysis and discussion

The integration of the MPPT-bat and DTC optimization techniques on this SWPS demon-

strates a remarkable performance, as shown by the results in Fig 12. The advantages offered by

these two techniques can be summarized as follows:

• The performance obtained using the MPPT-bat technique, shown in Fig 12(a), demonstrates

a fast response of the system to different irradiance conditions. This responsiveness is inter-

preted by the increased efficiency of the proposed technique.

• The behavior of the induction machine speed in Fig 12(b) shows that the system responds

quickly, accurately, without static or drag errors and with a low overshoot of less than 0.4%.

This dynamic tracking confirms the success of the DTC control in ensuring system

reliability.

• The evolution of the instantaneous flow rate is shown in Fig 12(c), which shows a similarity

between the irradiance and the flow rate of the pumped water. This linearity is also justified

by the relationship between flow rate and velocity in equation (10) and the results in Fig 12b.

These results show the success of the two proposed techniques in power extraction and the

application of compatible electromagnetic torque in Fig 12(d) for good energy management.

Fig 11. Irradiation profile used to assess performances SWPS.

https://doi.org/10.1371/journal.pone.0309330.g011
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• Fig 12(e) shows the evolution of the current drawn by the induction motor. The sinusoidal

shape of the absorbed current indicates a low level of harmonic distortion, which means a

good quality of energy transfer to the induction machine. In addition, the evolution of the

current is linearly related to the irradiance, further demonstrating the success of the two

techniques proposed for the energy optimization of this SWPS.

To further validate the performance of the proposed techniques, Table 6 illustrates a com-

parative study between the maximum power that can be supplied by the PVG from Fig 3 and

the power extracted using the MPPT-bat under different climatic conditions from Fig 12(a).

The results obtained highlight the positive performance of the solar water pumping system

studied. The absence of static errors allows precise regulation of the irrigation flow rate, which

can be particularly advantageous in slightly sloping terrain. These results suggest that the sys-

tem has great potential for efficient use of water resources, contributing to increasing agricul-

tural yields.

Fig 12. SWPS optimization results.

https://doi.org/10.1371/journal.pone.0309330.g012
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4.4 Results summary

In order to highlight the usefulness and success of the proposed technique, a comparative

study with other techniques is presented in Table 7. This study examines performance on a

global scale, as it’s difficult to find optimization techniques applied to the same water pumping

system. This is due to the diversity of possibilities available for realizing such a solar pumping

system. This diversity is due to the different types of static inverters (choppers, inverters), the

different types of storage such as water tower or batteries, as well as the types of electric motors

driving the hydraulic pump (DC, AC). It should also be noted that when the size of the system

changes, parameters such as the sizing and choice of power components need to be adapted.

This adaptation is essential to maintain system efficiency and reliability. The results of this

comparative analysis underline the remarkable effectiveness of the proposed method,

highlighting its relevance and potential in different application contexts.

4.5 Validation with a real profile

This section uses an authentic setpoint data collected from a meteorological station located at

the Faculty of Science in the city of Meknes, Morocco. As the solar water pumping system can

only operate during periods of sunshine, the irradiation setpoint is used exclusively for a total

duration of 16 hours, with the simulation starting at 6 a.m. The main objective is to carefully

evaluate the effectiveness and efficiency of the two proposed techniques. These careful evalua-

tions are intended to provide a clear understanding of the overall effectiveness of this

approach. They are also intended to inspire and motivate farmers to adopt these highly benefi-

cial systems to meet the needs of sustainable, environmentally friendly agriculture.

The results show that both techniques perform exceptionally well, exceeding expectations.

Bat’s optimization technique not only controls the maximum available power point in all

cases, but also guarantees minimum disturbance, as shown visually in Fig 13(b). This level of

control guarantees optimum energy extraction, thus optimizing the process. On the other

hand, Direct Torque Control (DTC) ensures that the system perfectly maintains the

Table 6. Comparative study of power versus irradiance.

Irradiance (W.m-2) PVG Power (W) MPPT-Bat Power (W) MPP Voltage (V)

700 1051 1051 181.32
800 1200 1200 179.98
900 1341 1341 178.15

1000 1475 1475 177.35
1100 1606 1606 175.83
1200 1732 1732 174.07

https://doi.org/10.1371/journal.pone.0309330.t006

Table 7. Comparative study of SWPS optimization techniques.

MPPT Electric motor controller Efficiency Tracing speed Implementation Complexity Track Global MPP

Kalman filter [39] DTC Good Medium Medium No
FOCV [48] Scalar control Medium Slow Simple No
FoFL [49] - Very Good Fast Complex Yes
Neural network [50] - Very Good Fast Complex Yes
CHHO [51] DTC Very Good Fast Complex Yes
Proposed Bat DTC Very Good Fast Medium Yes

https://doi.org/10.1371/journal.pone.0309330.t007
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Fig 13. SWPS optimization results for the real setpoint.

https://doi.org/10.1371/journal.pone.0309330.g013
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predetermined speed setpoint throughout the day. The precision with which it maintains the

pump speed, as clearly shown in Fig 13(c), guarantees a stable, optimum water flow, as shown

in Fig 13(d). These results hold great promise for improving the energy efficiency of water

pumps, as they show that the combination of DTC and Bat techniques can effectively over-

come the limitations of conventional maximum power point tracking approaches. As a result,

this combination offers a number of benefits that can be summarized as follows: First and fore-

most, it leads to an increase in solar power generation, thereby reducing costs and strengthen-

ing sustainability efforts. It also improves the quality of the power supply, extending the life of

the system and minimizing the risk of operational disruption. In addition, the fusion improves

the tracking speed, which ultimately increases the flow rate of the pumped water. Finally, it

helps to reduce the carbon footprint, which plays an important role in preserving the environ-

ment. Taken together, these benefits offer a wealth of promising prospects for the integration

of solar water pumping systems into sustainable agriculture.

5. Conclusion

This research paper investigates an approach to SWPS optimization. The approach is based on

the use of MPPT-bat techniques on the PVG side and DTC on the induction motor side.

These techniques respond quickly to irradiance changes, ensure that the pump motor speed is

maintained accurately and establish an effective correlation between the instantaneous water

flow rate and the amount of energy available in the PVG. The implications of these results are

very encouraging as they have the potential to improve the energy efficiency of renewable

SWPS. One of the key benefits of MPPT-bat is its ability to extract maximum power from the

PVG regardless of weather conditions. In addition, the DTC enables precise, responsive con-

trol of the pump motor, optimizing the use of the energy produced by the PVG.

The integration of these two techniques, MPPT-Bat and DTC, offers significant benefits.

These include increased solar energy production, improved power quality and fast response.

As a result, these improvements lay the foundation for more sustainable agricultural irrigation

practices. The implementation of MPPT-Bat and DTC techniques results in reduced agricul-

tural energy costs, extended irrigation system life and improved pumped water flow rates. In

addition, increased solar energy production helps to reduce dependence on fossil fuels. This

has a positive impact on the environment. Indeed, these results suggest that these techniques

can overcome the limitations generally associated with conventional MPPT approaches. As a

limitation of this approach, it should be noted that, according to the results obtained, there is a

fluctuation in the electromagnetic torque. These fluctuations can be reduced by using intelli-

gent estimation techniques. Also, the speed can be estimated to avoid the use of the speed sen-

sor, which would make the system even more advantageous. These limitations will be the

subject of our future research.

Supporting information

S1 Dataset.

(RAR)

Author Contributions

Conceptualization: Mouncef El marghichi, Najib el Ouanjli, Mishari Metab Almalki.

Data curation: Mohamed Makhad, Mahmoud A. Mossa, Thamer A. H. Alghamdi.

Formal analysis: Azeddine Loulijat, Mahmoud A. Mossa.

PLOS ONE New combined MPPT optimization approach based on bat metaheuristics and DTC for sustainable WPS

PLOS ONE | https://doi.org/10.1371/journal.pone.0309330 December 30, 2024 21 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0309330.s001
https://doi.org/10.1371/journal.pone.0309330


Investigation: Mohamed Makhad, Najib el Ouanjli, Mishari Metab Almalki.

Methodology: Mouncef El marghichi, Najib el Ouanjli, Thamer A. H. Alghamdi.

Project administration: Mahmoud A. Mossa.

Resources: Azeddine Loulijat, Najib el Ouanjli, Thamer A. H. Alghamdi.

Software: Abdelilah Hilali.

Supervision: Mahmoud A. Mossa.

Validation: Abdelilah Hilali.

Visualization: Mohamed Makhad, Mishari Metab Almalki.

Writing – original draft: Abdelilah Hilali, Mouncef El marghichi.

Writing – review & editing: Azeddine Loulijat, Najib el Ouanjli, Mahmoud A. Mossa, Mishari

Metab Almalki, Thamer A. H. Alghamdi.

References
1. Supe H, Abhishek A, Avtar R. Assessment of the solar energy–agriculture–water nexus in the expand-

ing solar energy industry of India: An initiative for sustainable resource management. Heliyon. 2024; 10:

e23125. https://doi.org/10.1016/j.heliyon.2023.e23125 PMID: 38163132

2. Morchid A, El Alami R, Raezah AA, Sabbar Y. Applications of internet of things (IoT) and sensors tech-

nology to increase food security and agricultural Sustainability: Benefits and challenges. Ain Shams

Eng J. 2024; 15: 102509. https://doi.org/10.1016/j.asej.2023.102509

3. Habib S, Liu H, Tamoor M, Zaka MA, Jia Y, Hussien AG, et al. Technical modelling of solar photovoltaic

water pumping system and evaluation of system performance and their socio-economic impact. Heli-

yon. 2023; 9: e16105. https://doi.org/10.1016/j.heliyon.2023.e16105 PMID: 37229163

4. Bouzidi B. Viability of solar or wind for water pumping systems in the Algerian Sahara regions–case

study Adrar. Renew Sustain Energy Rev. 2011; 15: 4436–4442. https://doi.org/10.1016/j.rser.2011.07.

108

5. Rengma NS, Yadav M, Kishor N. Solar photovoltaic water pumping system: A software tool develop-

ment-based optimal configuration investigation for system installation location, sizing and deployment.

Renew Energy Focus. 2023; 46: 236–255. https://doi.org/10.1016/j.ref.2023.07.001

6. Chandel SS, Nagaraju Naik M, Chandel R. Review of solar photovoltaic water pumping system technol-

ogy for irrigation and community drinking water supplies. Renew Sustain Energy Rev. 2015; 49: 1084–

1099. https://doi.org/10.1016/j.rser.2015.04.083

7. Sazon TA, Zhang Q, Nikpey H. Comparison of different configurations of a solar-assisted ground-

source CO2 heat pump system for space and water heating using Taguchi-Grey Relational analysis.

Energy Convers Manag. 2024; 300: 117881. https://doi.org/10.1016/j.enconman.2023.117881

8. Khare V, Chaturvedi P, Mishra M. Solar energy system concept change from trending technology: A

comprehensive review. E-Prime—Adv Electr Eng Electron Energy. 2023; 4: 100183. https://doi.org/10.

1016/j.prime.2023.100183

9. Simonelli AC. 9.14—Human Migration and Renewable Energy With a Focus on the Pacific Islands. In:

Letcher TM, editor. Comprehensive Renewable Energy (Second Edition). Oxford: Elsevier; 2022. pp.

197–203.

10. Priyadarshi N, Padmanaban S, Bhaskar MS, Blaabjerg F, Holm-Nielsen JB. An improved hybrid PV-

wind power system with MPPT for water pumping applications. Int Trans Electr Energy Syst. 2020; 30:

e12210. https://doi.org/10.1002/2050-7038.12210

11. Ansell PJ. Review of sustainable energy carriers for aviation: Benefits, challenges, and future viability.

Prog Aerosp Sci. 2023; 141: 100919. https://doi.org/10.1016/j.paerosci.2023.100919

12. Marcel CP. Addressing the global energy problem: Perspectives, challenges, and potential solutions.

Nucl Eng Des. 2023; 414: 112610. https://doi.org/10.1016/j.nucengdes.2023.112610

13. Khan KA, Quamar MM, Al-Qahtani FH, Asif M, Alqahtani M, Khalid M. Smart grid infrastructure and

renewable energy deployment: A conceptual review of Saudi Arabia. Energy Strategy Rev. 2023; 50:

101247. https://doi.org/10.1016/j.esr.2023.101247

PLOS ONE New combined MPPT optimization approach based on bat metaheuristics and DTC for sustainable WPS

PLOS ONE | https://doi.org/10.1371/journal.pone.0309330 December 30, 2024 22 / 24

https://doi.org/10.1016/j.heliyon.2023.e23125
http://www.ncbi.nlm.nih.gov/pubmed/38163132
https://doi.org/10.1016/j.asej.2023.102509
https://doi.org/10.1016/j.heliyon.2023.e16105
http://www.ncbi.nlm.nih.gov/pubmed/37229163
https://doi.org/10.1016/j.rser.2011.07.108
https://doi.org/10.1016/j.rser.2011.07.108
https://doi.org/10.1016/j.ref.2023.07.001
https://doi.org/10.1016/j.rser.2015.04.083
https://doi.org/10.1016/j.enconman.2023.117881
https://doi.org/10.1016/j.prime.2023.100183
https://doi.org/10.1016/j.prime.2023.100183
https://doi.org/10.1002/2050-7038.12210
https://doi.org/10.1016/j.paerosci.2023.100919
https://doi.org/10.1016/j.nucengdes.2023.112610
https://doi.org/10.1016/j.esr.2023.101247
https://doi.org/10.1371/journal.pone.0309330


14. Nie X, Mohamad Daud WSAW, Pu J. A novel transactive integration system for solar renewable energy

into smart homes and landscape design: A digital twin simulation case study. Sol Energy. 2023; 262:

111871. https://doi.org/10.1016/j.solener.2023.111871

15. Hilali A, El Ouanjli N, Mahfoud S, Al-Sumaiti AS, Mossa MA. Optimization of a Solar Water Pumping

System in Varying Weather Conditions by a New Hybrid Method Based on Fuzzy Logic and Incremental

Conductance. Energies. 2022; 15: 8518. https://doi.org/10.3390/en15228518

16. Mishra VL, Chauhan YK, Verma KS. A critical review on advanced reconfigured models and metaheur-

istics-based MPPT to address complex shadings of solar array. Energy Convers Manag. 2022; 269:

116099. https://doi.org/10.1016/j.enconman.2022.116099

17. Priyadarshi N, Maroti PK, Azam F, Hussien MG. An improved Z-source inverter-based sensorless

induction motor-driven photovoltaic water pumping with Takagi–Sugeno fuzzy MPPT. IET Renew

Power Gener. n/a. https://doi.org/10.1049/rpg2.12654

18. Priyadarshi N, Padmanaban S, Bhaskar MS, Azam F, Khan B, Hussien MG. A novel hybrid grey wolf

optimized fuzzy logic control based photovoltaic water pumping system. IET Renew Power Gener.

2022 [cited 5 Mar 2024]. https://doi.org/10.1049/rpg2.12638

19. Priyadarshi N, Bhaskar MS, Padmanaban S, Blaabjerg F, Azam F. New CUK–SEPIC converter based

photovoltaic power system with hybrid GSA–PSO algorithm employing MPPT for water pumping appli-

cations. IET Power Electron. 2020; 13: 2824–2830. https://doi.org/10.1049/iet-pel.2019.1154

20. Priyadarshi N, Maroti PK, Hussien MG. Extensive performance investigation of Luo converter-based

modified firefly maximum point tracking algorithm for permanent magnet synchronous motor-driven

photovoltaic pumping system. IET Renew Power Gener. 2022 [cited 5 Mar 2024]. https://doi.org/10.

1049/rpg2.12520

21. Raj A, Praveen RP. Highly efficient DC-DC boost converter implemented with improved MPPT algo-

rithm for utility level photovoltaic applications. Ain Shams Eng J. 2022; 13: 101617. https://doi.org/10.

1016/j.asej.2021.10.012

22. Hilali A, Mardoude Y, Akka YB, Alami HE, Rahali A. Design, modeling and simulation of perturb and

observe maximum power point tracking for a photovoltaic water pumping system. Int J Electr Comput

Eng IJECE. 2022; 12: 3430–3439. https://doi.org/10.11591/ijece.v12i4.pp3430-3439

23. Abouobaida H, Mchaouar Y, Abouelmahjoub Y, Mahmoudi H, Abbou A, Jamil M. Performance optimi-

zation of the INC-COND fuzzy MPPT based on a variable step for photovoltaic systems. Optik. 2023;

278: 170657. https://doi.org/10.1016/j.ijleo.2023.170657

24. Mao M, Cui L, Zhang Q, Guo K, Zhou L, Huang H. Classification and summarization of solar photovol-

taic MPPT techniques: A review based on traditional and intelligent control strategies. Energy Rep.

2020; 6: 1312–1327. https://doi.org/10.1016/j.egyr.2020.05.013

25. Mohammadinodoushan M, Abbassi R, Jerbi H, Waly Ahmed F, Abdalqadir kh ahmed H, Rezvani A. A

new MPPT design using variable step size perturb and observe method for PV system under partially

shaded conditions by modified shuffled frog leaping algorithm- SMC controller. Sustain Energy Technol

Assess. 2021; 45: 101056. https://doi.org/10.1016/j.seta.2021.101056

26. Ngo V-Q-B, Latifi M, Abbassi R, Jerbi H, Ohshima K, khaksar M. Improved krill herd algorithm based

sliding mode MPPT controller for variable step size P&O method in PV system under simultaneous

change of irradiance and temperature. J Frankl Inst. 2021; 358: 3491–3511. https://doi.org/10.1016/j.

jfranklin.2021.02.021

27. Al-Wesabi I, Fang Z, Hussein Farh HM, Al-Shamma’a AA, Al-Shaalan AM. Comprehensive compari-

sons of improved incremental conductance with the state-of-the-art MPPT Techniques for extracting

global peak and regulating dc-link voltage. Energy Rep. 2024; 11: 1590–1610. https://doi.org/10.1016/j.

egyr.2024.01.020

28. Aher S, Chavan P, Deshmukh R, Pawar V, Thakre M. Designing and software realization of an ANN-

based MPPT-Fed bladeless wind power generation. Glob Transit Proc. 2021; 2: 584–588. https://doi.

org/10.1016/j.gltp.2021.08.054

29. Hilali A, Mardoude Y, Essahlaoui A, Rahali A, Ouanjli NE. Migration to solar water pump system: Envi-

ronmental and economic benefits and their optimization using genetic algorithm Based MPPT. Energy

Rep. 2022; 8: 10144–10153. https://doi.org/10.1016/j.egyr.2022.08.017

30. Abdelilah H, Makhad M, El marghichi M, Ouanjli NE, Loulijat A. Towards sustainable water pumping

systems: Integration of particle swarm optimization and direct torque control PSO-DTC. E-Prime—Adv

Electr Eng Electron Energy. 2024; 7: 100480. https://doi.org/10.1016/j.prime.2024.100480

31. Guo S, Abbassi R, Jerbi H, Rezvani A, Suzuki K. Efficient maximum power point tracking for a photovol-

taic using hybrid shuffled frog-leaping and pattern search algorithm under changing environmental con-

ditions. J Clean Prod. 2021; 297: 126573. https://doi.org/10.1016/j.jclepro.2021.126573

32. Priyadarshi N, Bhaskar MS, Modak P, Kumar N. A Novel Optimized Orthogonal Hybrid Firefly Based

Ant Colony Method Occupying MPPT For Single Stage PV Water Pumping Applications. 2022 IEEE

PLOS ONE New combined MPPT optimization approach based on bat metaheuristics and DTC for sustainable WPS

PLOS ONE | https://doi.org/10.1371/journal.pone.0309330 December 30, 2024 23 / 24

https://doi.org/10.1016/j.solener.2023.111871
https://doi.org/10.3390/en15228518
https://doi.org/10.1016/j.enconman.2022.116099
https://doi.org/10.1049/rpg2.12654
https://doi.org/10.1049/rpg2.12638
https://doi.org/10.1049/iet-pel.2019.1154
https://doi.org/10.1049/rpg2.12520
https://doi.org/10.1049/rpg2.12520
https://doi.org/10.1016/j.asej.2021.10.012
https://doi.org/10.1016/j.asej.2021.10.012
https://doi.org/10.11591/ijece.v12i4.pp3430-3439
https://doi.org/10.1016/j.ijleo.2023.170657
https://doi.org/10.1016/j.egyr.2020.05.013
https://doi.org/10.1016/j.seta.2021.101056
https://doi.org/10.1016/j.jfranklin.2021.02.021
https://doi.org/10.1016/j.jfranklin.2021.02.021
https://doi.org/10.1016/j.egyr.2024.01.020
https://doi.org/10.1016/j.egyr.2024.01.020
https://doi.org/10.1016/j.gltp.2021.08.054
https://doi.org/10.1016/j.gltp.2021.08.054
https://doi.org/10.1016/j.egyr.2022.08.017
https://doi.org/10.1016/j.prime.2024.100480
https://doi.org/10.1016/j.jclepro.2021.126573
https://doi.org/10.1371/journal.pone.0309330


2nd International Conference on Sustainable Energy and Future Electric Transportation (SeFeT).

2022. pp. 1–5.

33. Ali ZM, Alquthami T, Alkhalaf S, Norouzi H, Dadfar S, Suzuki K. Novel hybrid improved bat algorithm

and fuzzy system based MPPT for photovoltaic under variable atmospheric conditions. Sustain Energy

Technol Assess. 2022; 52: 102156. https://doi.org/10.1016/j.seta.2022.102156

34. Hilali A, Mardoude Y, Mahfoud ME, Essahlaoui A, Houssam M, Rahali A. Photovoltaic Water Pumping

System: Modeling and Simulation of Characteristics for Direct Coupling. In: Motahhir S, Bossoufi B, edi-

tors. Digital Technologies and Applications. Cham: Springer International Publishing; 2022. pp. 651–

660.

35. Sutikno T, Idris NRN, Jidin A. A review of direct torque control of induction motors for sustainable reli-

ability and energy efficient drives. Renew Sustain Energy Rev. 2014; 32: 548–558. https://doi.org/10.

1016/j.rser.2014.01.040

36. Tifidat K, Maouhoub N. An efficient method for predicting PV modules performance based on the two-

diode model and adaptable to the single-diode model. Renew Energy. 2023; 216: 119102. https://doi.

org/10.1016/j.renene.2023.119102

37. Jordehi AR. Parameter estimation of solar photovoltaic (PV) cells: A review. Renew Sustain Energy

Rev. 2016; 61: 354–371. https://doi.org/10.1016/j.rser.2016.03.049

38. Anshory I, Jamaaluddin J, Wisaksono A, Sulistiyowati I, Hindarto, Rintyarna BS, et al. Optimization DC-

DC boost converter of BLDC motor drive by solar panel using PID and firefly algorithm. Results Eng.

2024; 21: 101727. https://doi.org/10.1016/j.rineng.2023.101727

39. Saady I, Karim M, Bossoufi B, El Ouanjli N, Motahhir S, Majout B. Optimization and control of photovol-

taic water pumping system using kalman filter based MPPT and multilevel inverter fed DTC-IM. Results

Eng. 2023; 17: 100829. https://doi.org/10.1016/j.rineng.2022.100829

40. Elnozahy A, Abdel-Salam M, Abo-Elyousr FK. Optimal techno-economic energy coordination of solar

PV water pumping irrigation systems. Energy. 2024; 288: 129817. https://doi.org/10.1016/j.energy.

2023.129817

41. Oshaba AS, Ali ES, Abd Elazim SM. MPPT control design of PV system supplied SRM using BAT

search algorithm. Sustain Energy Grids Netw. 2015; 2: 51–60. https://doi.org/10.1016/j.segan.2015.04.

002

42. Yang X-S. A New Metaheuristic Bat-Inspired Algorithm. In: González JR, Pelta DA, Cruz C, Terrazas
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