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Abstract: This study introduces a novel method for controlling an autonomous photovoltaic pumping
system by integrating a Maximum Power Point Tracking (MPPT) control scheme with variable
structure Sliding Mode Control (SMC) alongside Perturb and Observe (P&O) algorithms. The
stability of the proposed SMC method is rigorously analyzed using Lyapunov’s theory. Through
simulation-based comparisons, the efficacy of the SMC controller is demonstrated against traditional
P&O methods. Additionally, the SMC-based system is experimentally implemented in real time using
dSPACE DSP1104, showcasing its robustness in the presence of internal and external disturbances.
Robustness tests reveal that the SMC controller effectively tracks Maximum Power Points (MMPs)
despite significant variations in load and solar irradiation, maintaining optimal performance even
under challenging conditions. The results indicate that the SMC system can achieve up to a 70%
increase in water flow rates compared with systems without MPPT controllers. Furthermore, SMC
demonstrated high sensitivity to sudden changes in environmental conditions, ensuring efficient
power extraction from the photovoltaic panels. This study highlights the advantages of integrating
SMC into Photovoltaic Water Pumping Systems (PV-WPSs), providing enhanced control capabilities
and optimizing system performance. The findings contribute to the development of sustainable water
supply solutions, particularly in remote areas with limited access to the electrical grid.
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1. Introduction

Renewable energy sources have gained significant attention in recent years, driven
by the urgent need to reduce greenhouse gas emissions and mitigate climate change.
Among the promising solutions is the integration of photovoltaic (PV) technology into
transportation infrastructure, particularly through photovoltaic carports [1-3]. This in-
novative application serves a dual purpose: generating clean electricity while providing
valuable shading for parked vehicles. The adoption of PV technology is also rising in
residential and commercial settings, with the industry increasingly exploring more creative
applications, such as building-integrated photovoltaic systems, as society continues to seek
ways to harness and integrate renewable energy.

In addition to these applications, the significance of an efficient irrigation system in
remote areas is closely tied to the accessibility of electricity. Unfortunately, many regions
in the developing world suffer from inadequate access to electricity grids. However, the
advancement of photovoltaic technology, which captures solar energy and converts it
into electrical power, presents a promising solution for water pumping systems in sunny
areas. Photovoltaic-driven water pumping systems, also known as Photovoltaic Water
Pumping Systems (PV-WPSs), are among the most prevalent applications of solar energy
in developing countries, significantly contributing to economic and social development.
For remote areas, a PV-WDPS is the best option for bringing water.
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One effective way to enhance the efficiency of these systems is through the use of solar
trackers. Solar trackers dynamically adjust the orientation of PV panels to follow the sun’s
path, significantly increasing energy capture throughout the day. This capability can lead
to improved performance in irrigation systems, making them more effective in delivering
water to crops in areas where every drop counts.

The authors in [4] present a design for a solar tracker specifically tailored for irrigation
systems. The paper details the mechanical and electronic components used, demonstrating
how the tracker can significantly enhance the performance of solar-powered water pumps,
leading to improved crop yields. The authors in article [5] discuss the cost-benefit analysis
of implementing solar trackers for water pumping. The findings suggest that, while initial
investment is higher for tracking systems, the long-term savings on energy costs and
the increased water output make them economically viable for farmers. The research
in [6] investigates the impact of solar tracking on the overall efficiency of water pumping
systems. The results indicate that solar trackers not only improve the energy output but
also reduce the operational costs associated with water pumping in remote areas. The
investigation in [7] explores the integration of solar trackers with smart water management
technologies. The authors highlight how real-time data from solar trackers can optimize
water usage in agricultural practices, ensuring that pumps operate only when necessary,
thereby conserving energy. The study in [8] evaluates the efficiency of single-axis and dual-
axis solar tracking systems in powering water pumps. The authors found that dual-axis
trackers increased energy capture by up to 40% compared with fixed systems, resulting in
more reliable water pumping, especially in regions with variable sunlight. Solar trackers
are systems that optimize solar energy production by adjusting the angle of solar panels
throughout the day to follow the sun’s path. The primary advantage of solar trackers is
their ability to increase energy output by 20% to 50% compared with fixed installations,
resulting in improved efficiency and a higher return on investment. However, they come
with higher initial costs and more complex maintenance requirements due to their moving
parts. Additionally, while they can maximize energy capture in limited spaces, trackers
may require more land and can be vulnerable to damage from severe weather conditions.
Overall, the decision to use solar trackers involves weighing their benefits against the
associated costs and maintenance challenges. In addition, a PV pumping system is usually
not equipped with batteries for storage purposes due to the fact that water can be filled into
tanks that can be used at night time during the unavailability of light. An alternative to solar
trackers is the use of Maximum Power Point Tracking (MPPT) algorithms. MPPT technology
continuously adjusts the electrical load to ensure that the solar panels operate at their
maximum power output, regardless of varying sunlight conditions. This approach offers
the advantage of requiring fewer moving components, resulting in lower maintenance
needs compared with solar trackers.

The goal of this work is to maximize the effectiveness and the water output pumped by
the stand-alone PV pumping system by using the MPPT control. It is crucial to understand
that the PV power generated is affected by weather conditions [9]. A PV system’s success is
therefore determined by a number of factors (irradiation, temperature, etc.). Under stable
conditions, the Power versus Voltage (P-V) curve displays a single Maximum Power Point
(MPP) [2], where the PV system achieves the highest possible electrical power output. The
typical operating condition of a PV system coupled directly to a load is often not at the MPP.
Therefore, to achieve a high power rate from a PV system, power electronics converters
are indispensable. Hence, the reliability of the MPPT controller is critical for the effective
and productive operation of the PV system [10,11]. However, implementing MPPT control
presents significant difficulties, primarily because the Photovoltaic Generator (PVG) is
affected by constant external disturbances due to fluctuating sunlight conditions.

Several methods have been developed for the MPPT in PV systems [12], each offering
unique advantages and facing specific challenges. Traditional algorithms such as the
Perturb and Observe (P&O), Incremental Conductance (INC) [13], and Fractional Open
Circuit and Short Circuit algorithms are favored for their straightforward implementation
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and affordability [14]. These methods adjust the PVG’s operating point based on a fixed
step size, which may limit accuracy under changing conditions [15].

Unconventional techniques like Artificial Neural Networks (ANNs) and Fuzzy Logic
Controllers (FLCs) offer higher complexity but improved performance in specific condi-
tions [16]. The FLC, known for its robustness and immunity to disturbances, has been
applied successfully in various fields, including photovoltaic systems [17]. However, the
FLC’s reliance on a large and complex rule base can lead to scalability challenges and
increased computational demands [18].

Artificial Neural Networks (ANNSs), while capable of strong performance, have draw-
backs such as requiring prior knowledge of system behaviors and large datasets for effective
learning [19]. Rapid changes in weather conditions can also impact the performance of
ANNSs due to their reliance on historical data and learning processes [20].

Nonlinear controllers, such as Sliding Mode Control (SMC), are gaining attention due
to their robustness and effectiveness in dynamic environments [21]. In the Sliding Mode
Control (SMC) framework, a trajectory is set for the objective function, and the control
structure is modified according to the system’s state to reach the control objectives [22],
thereby mitigating external disturbances and internal parameter variations [22]. Research
indicates that SMC offers superior performance in motor speed control compared with
FLCs and classical Proportional-Integral-Derivative (PID) controllers [23]. Given the
proven performance of SMC in various applications, including robotics, motor control,
and power electronics [24-26], we have selected it for our photovoltaic pumping system.
SMC’s ability to maintain optimal performance despite varying environmental conditions
makes it well suited for maximizing power output and ensuring the reliability of our PV
pumping system [27]. This choice underscores our commitment to implementing a robust
and effective MPPT strategy tailored to the specific demands of photovoltaic applications.

In this paper, we delve into the application of the variable structure Sliding Mode
Control (SMC) in Photovoltaic Water Pumping Systems (PV-WPSs) and investigate the
efficacy of SMC in achieving superior water flow rates compared with traditional techniques
through simulation studies comparing SMC with the P&O algorithm using a motor pump
as load and through real-time experiments utilizing a resistive load. The aim of this
work is to demonstrate how Sliding Mode Control (SMC) can optimize the performance
and enhance the efficiency of PV-WPSs, ultimately contributing to the advancement of
sustainable water supply solutions.

Solar PV water pumping systems offer reliability and cost-effectiveness, making them
a viable alternative to manual pumps, especially when deployed in suitable locations.
Unlike traditional systems, solar-powered water pumping systems do not necessitate the
use of batteries for power storage if water can be stored in tanks for nighttime use. In
basic solar-powered water pumping systems, the solar panels are directly linked to a small
DC motor that powers the water pump. These setups typically utilize a centrifugal pump
due to its compatibility with solar panel output [28]. However, displacement pumps have
distinct speed-torque characteristics and are not ideally suited for direct connection to solar
panels. In such cases, power conditioning or MPPT is often incorporated between the PVG
and the motor-pump to optimize energy conversion. Various types of motors are employed
in water pumping systems, each with distinct benefits and drawbacks that determine the
suitability for specific applications. When AC motors are utilized, an inverter is required
between the PV panel and the motor, which adds to the overall system cost compared
with DC motor-based water pumps [29,30]. Furthermore, DC motors offer additional
advantages over other motor types, including higher starting torque, rapid starting and
stopping capabilities, reversible rotation, and variable speed control through voltage input.
Additionally, DC motors provide high-quality performance and durability, making them a
preferred choice for various water pumping applications [31].

This study compares the effectiveness of the variable structure Sliding Mode Control
(SMC) and Perturb and Observe (P&O) algorithms in achieving the Maximum Power Point
Tracking (MPPT) in stand-alone PV pumping systems. While SMC offers robustness against
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parameter uncertainties and disturbances through its nonlinear control strategy, P&O is
renowned for its straightforward nature and ease of implementation. By conducting
simulation-based comparisons, this study evaluates the performance of both methods
under varying environmental conditions and load profiles. The results highlight the
superior tracking accuracy and efficiency of the SMC-based MPPT controller compared
with P&O, particularly in scenarios involving rapid irradiance changes or partial shading.
Furthermore, experimental results using dSPACE DSP1104s demonstrate the practical
viability of the SMC approach and showcase its ability to maintain stable and efficient
operation against internal and external disturbances

This paper is organized as follows: Section 2 describes the configuration of an au-
tonomous photovoltaic pumping system, detailing key components and the mathematical
models governing their interactions. Section 3 discusses various Maximum Power Point
Tracking (MPPT) control algorithms, including Perturb and Observe (P&O), Incremen-
tal Conductance (INC), and Sliding Mode Control (SMC), comparing their complexities
and efficiencies while highlighting SMC’s robustness in dynamic environments through
a stability study. Section 4 presents results demonstrating that the SMC MPPT algorithm
significantly outperforms the P&O algorithm, achieving up to 70% higher water flow
rates under varying conditions. Finally, Section 5 concludes the paper, summarizing key
contributions and suggesting future research directions.

2. Energy Conversion Stage

This section provides a detailed overview of the configuration of an autonomous
photovoltaic pumping system. It describes the essential components, including the Photo-
voltaic Generator (PVG) and the DC converter and motor-pump, while also introducing
the mathematical models that govern their operation and interactions. The importance
of energy conversion is underscored, as it plays a crucial role in optimizing the system’s
overall performance for efficient water pumping. Figure 1 illustrates the main components,
highlighting the PVG, which converts solar energy into electricity; the DC converter, which
adjusts the output voltage from the PV arrays; and the digital controller, which employs
Maximum Power Point Tracking (MPPT) algorithms to enhance system efficiency. Finally,
the section discusses the DC motor-pump, which is integral to the water pumping process.

Moto-pump

Irradiation  pyg

Boost Motor Pump
]
@ /
= _ l
T Pwm
Command
™ d—

\'p b D
Controller -
MPPT

Figure 1. The proposed PV pumping system diagram.
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In the modeling process of PV systems, significant attention is directed towards both
the motor-pump (as a load) and the energy conversion stage. This stage primarily consists
of the PV panel and the DC converter, which play crucial roles in matching the output of
the PV panels to the load.

2.1. PVG Model

The primary function of the PV panel is to convert sunlight into electrical energy
through the photovoltaic effect. Composed of interconnected solar cells, the panel generates
Direct Current (DC) electricity upon exposure to sunlight. Its equivalent electric circuits
containing a diode, a resistance, and a power supply can be substituted for a PV cell.

Figure 2 illustrates a simplified equivalent circuit of a photovoltaic (PV) cell, depicting
its key components, including the current source, diode, and resistances. This representa-
tion is crucial for understanding the operational principles of a PV cell, as it highlights how
the photovoltaic effect generates electrical energy from solar radiation.

Diode
D -

Figure 2. PV cell equivalent circuit.

Depending on the received temperature and irradiation, the power supply produces
an Iy, current [12,32,33]. Utilizing Kirchhoff’s Current Law (KCL)

I = Iph — Lioge — Lsn 1

The I, can be written as: [12]

G
Iph - ?ef (Irsfref + KSCT (TC - Tref)) (2)
Ve + Rsl
Iy = L <expw - 1) 3)
1
Ly, = Ri(VC + Rslc) 4)
p
One can obtain an approximate value for the reverse saturation current [12]:
I
Isc = ;i/_ref (5)
exp |:nq a.Z%C.TC] —1
The expression for the cell current I is
Ve + Rs1 1
Ie = Ly — Isc <expw - 1) - R—p(VC + RsI,) (6)

The PVG relies on the configuration of cells, specifically the number in series (Ns) and

in parallel (Np).
I, = Nyl
14 pic
{ Vp - Ns”sVC (7)
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To conclude, we can provide the PVG current (I,) by

_ _ a4 1) -2 8
Ip = NpIpn = Nplse (expakT(nst N, )7 TR N TN, ®)

assuming R, > Rs allows the elimination of terms involving Rs and Ry, the ideal case
assumes R; = 0 and R;, = oo [12].

I, = NIy, — Ny L [ exp—1 ) 4 )
P e R\ TR BT \ g N

The commercial PV module A55 manufactured by ATERSA has been chosen in this
work. There are thirty-six monocrystalline cells, all connected in series (15 = 36) in this
module. Table 1 shows the manufacturing specifications.

Table 1. ATERSA specifications.

Cell Type Monocrystalline Unit
Prupp 55 (W]
Voc 20.5 [V]
Isc_ref 3.7 [A]
Vmpp 16.2 [V]
Impp 3.4 [A]
ns 36 -

With dimensions of 637 x 527 x 35, the ATERSA A55 module is not only effective
for small systems but also scalable to large installations. The performance of a solar cell is
evaluated under a Standard Test Condition (STC). For this scenario, the irradiance is set to
1000 W/m?, and the temperature is kept at 25 °C.

2.2. Boost Converter

The topologies of the DC converter are designed to satisfy specific DC load require-
ments. In this case, the converter can function as a switching mode controller by increasing
or decreasing the DC output voltage by using power switching devices to perform at a
fixed frequency. The DC boost converter was selected for the simulation and real-time
experimental validation in this study.

Figure 3 illustrates the basic circuit topology of a boost converter, which contains a
switch (Sy), a diode, an inductor (L), a capacitor (C2), a switching controller, and a load
(Rout) characterized by a voltage (Vout), and additional capacitor (C1) is added at the input
level to stabilize the input voltage (Vin) signal. It is possible to use this topology as an
interface between a PVG and a battery bank or between a PVG and any DC load. In this
work, the load is the motor-pump [34-36].

VAV VAN N
4+ vacye b VL L Diode e
[ Vp=Viny ® ‘
- sw [ 1GBT

G JUUL —

Co Vrout=Vout

Figure 3. Converter circuit.
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Under Continuous Conduction Mode (CCM), the relationship between the converter’s
output voltage and its input voltage is given by:

1

5 Vin (10)

Vour =

D represents the duty cycle.
Assuming that Pj,, = Py,; and that the power formula can be rewritten using Ohm’s

law as P = V2/R, the following can be deduced:

1

mRPU (11)

Rout =

where Ry, represents the load seen by the PVG through the boost converter, Ry is the
load seen by the boost converter, Sy, is the switch state command, Sy, = 0 indicates that the
switch is off, and S, = 1 indicates that the switch is on.
According to the boost converter model, the Equation (11) relationship is given by:
Ry = (1 — D)2 - Rout . This equation shows that if the duty cycle D decreases, Ry, increases;
and if D increases, Ry, decreases. This relationship can be understood in the context
of the PV module’s dynamic behavior, as illustrated by the Current versus Voltage (I-
V) characteristic in Figure 4, when I, decreases/increases and V), increases/decreases.
Accordingly, duty cycle changes always oppose voltage changes. Mathematically, this can
be expressed as follows:
sign(Vyy) = —sign(D) (12)

Rovincreases

,
/
;
y
W /\ A1
, .
7 Ruee

=

L

1p(A)
\

Ve(v)

Figure 4. I-V characteristics.

The boost converter specifications for this project are shown below in Table 2.

Table 2. Boost specifications.

Component Characteristic
Schottky Diode 2x MURF1560GT 600V,15A,04Vat10 A, 150 °C
IGBT 1x HGT40N60B3 600V, 40 A, 1.5V at 150 °C
L 6x PCV-2-564-08 560 uH, 7 A, 42 mQ)
C1,C2 2x TK Series 1500 pF 250 V

The boost converter circuit dynamic model is obtained by applying Kirchhoff’s Current
Law (KCL) and Kirchhoff’s Voltage Law (KVL):

at L Up
8= 1V, + L(Sw — 1) Vour (13)
d‘tﬁut = %(iL — dout) c%SWiL
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k= f(x) +8(x)Sw (14)
where
VP
X = iL ’
Vout
SR
) (ip —ir)
f(x) = f(vp - Vout) ’ (15)
L CLZ(IL - iout)
0
8() = | Hou |,
L G

2.3. Motor-Pump

There are a variety of pumping systems available [37]. In the case of submersible
pumps, they remain below the surface of the water, whereas surface pumps are mounted
at water level, and floating pumps are mounted above the surface of the water. Pumps
are categorized depending on their operating mode. Positive displacement pumps and
centrifugal ones are commonly used types of pumps. When compared with centrifugal
pumps, positive displacement pumps are more efficient at low power levels [37].

The DC motor-pump model can be given as: [38,39].

{ ;;% — U, — Ryig — Kiw a8
J% =Tem—T — fw

Water flow in positive displacement pumps is a function of the shaft speed. The load
torque for such a pump is given by the following equation [40].

T =T -w+1T, (17)

where T1 and T are the torque constant. The mathematical model proposed connects the
water flow rate in the pump to the power P and the water column height / [41]. The ¢;, f;,
m;, n;, and d; are secondary parameters dependent on the pump’s type.

P(Q,h) = s(h)Q® +z(h)Q* + m(h)Q + n(h) (18)

s(h) = sg + s1h! + soh? + s3h®
z(h) = zg + z1h' + zph? + z3h®
m(h) = mo + myh' + myh?® 4+ mzh®
n(h) = ng + nyh + nyh? + n3h®

(19)

An example of a DC motor-pump available on the market is the Grundfos CMBE PM1,
which is designed for water supply and irrigation systems. This pump uses a DC motor
with integrated variable speed control to adjust the flow rate based on demand, ensuring
efficient energy consumption.

The selected pump model, Grundfos CMBE PM1, is a DC motor positive displacement
pump commonly used for water supply and irrigation. It features a variable speed control
system, ensuring optimal performance and energy efficiency. The mathematical model of
this pump aligns with the torque and water flow equations presented, where the water
flow rate is directly related to the shaft speed. The pump’s parameters, such as torque
constants and power relationships to water column height, are detailed and consistent with
Equations (16)—(18) described in the study.

3. MPPT Control Algorithms

The objective of this section is to explore various Maximum Power Point Tracking
(MPPT) control algorithms that are essential for enhancing the performance of photovoltaic
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systems and to discuss techniques such as Perturb and Observe (P&O), Incremental Conduc-
tance (INC), and Sliding Mode Control (SMC), comparing their complexities, efficiencies,
and capabilities in handling transient responses. The section emphasizes that, while simpler
methods like P&O are effective under stable conditions, advanced approaches like SMC
offer superior performance in dynamic environments.

MPPT techniques are essential for optimizing the performance of PV systems. These
methods vary in complexity, implementation requirements, and performance under differ-
ent conditions. MPPT algorithms include common approaches like Perturb and Observe
or Incremental Conductance as well as advanced approaches like Fractional Open Circuit
and Short Circuit methods. Each technique has its strengths and limitations, which are
crucial for selecting the most suitable method based on the specific needs of the PV system.
The following Table 3 provides a comparative overview of several MPPT controllers, high-
lighting their complexity, implementation, accuracy, data requirements, convergence time,
and the absolute value of their over or undershooting [12-27]. The over and undershoot
phenomenon refers to the system’s transient response when there is a sudden change in
input, such as variations in irradiance or load demand. In control systems, overshoot
occurs when the system output temporarily exceeds its desired value before stabilizing,
while undershoot happens when the output falls below the desired value. These behaviors

are critical for evaluating the system’s stability and performance.

Table 3. Comparative overview MPPT controllers.

. . . . Requires  Convergence Over/or
Controller Complicity/Price Implementation Accuracy Datasets  Time Undershoot
Low cost, low
complexity. Simple to Low; may not
implement with low perform well under 0.18
P&O hardware requirements Easy rapidly changing No 04s[12] [12]
but limited in dynamic conditions.
conditions.
Moderate cost,
moderate complexity. Easy but more complex ~ Low; may exhibit
Incremental Requires additional than P&O; requires reduced performance No 0.6 [12] 0.050179
Conductance sensors and tuning but ~ more computational in conditions with ’ [12]
offers better control resources. rapid changes.
accuracy.
Low cost, low .
. . . Low; may exhibit 0.03405
Fractional Open complexity. Simple to
. - reduced performance And
Circuit and Short ~ implement but less Easy ] L . No 0.7 s [12]
L . in conditions with 0.030466
Circuit accurate under varying rapid changes [12]
irradiance conditions. P ges:
High cost, moderate to .
. . Design can be complex;
. high complexity. Needs -
Fuzzy Logic o . requires expert . 0.73
sophisticated tuning High Yes 0.3s[12]
Controllers knowledge to set [12]
and rule-based membership functions
algorithms. P ’
High cost, high
. . . 0.75s
complexity. Requires Requires large datasets MSE = 14793 0.11
ANNs advanced processors, for training; complex High Yes » 10;9 ’ [1'9]
data training, and model design. [19]
significant tuning.
Moderate to high cost,
high complexity.
SMC in this work ~ equires more Easy High No 0.1s 0.038462

implementation effort
but delivers optimal
performance.

In the context of our Photovoltaic Water Pumping System (PV-WPS), the controllers
exhibit different levels of overshoot and undershoot depending on their ability to handle
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sudden changes. For instance, the P&O controller tends to have more significant overshoot
due to its slower dynamic response, while the Sliding Mode Control (SMC) minimizes both
over and undershoot due to its robustness and quick response to disturbances.

The performance of various Maximum Power Point Tracking (MPPT) controllers—
Perturb and Observe (P&O), Incremental Conductance (INC), Fractional Open Circuit
Voltage (FOCV), Fuzzy Logic Controller (FLC), Artificial Neural Networks (ANNs), and
Sliding Mode Control (SMC)—varies significantly in terms of daily power output, energy
efficiency, and pumped water volume. The P&O method, while effective under stable
conditions, often exhibits oscillations around the Maximum Power Point (MPP) during
rapid changes in irradiance, resulting in moderate daily energy output [42] In contrast,
the INC controller demonstrates superior responsiveness to changing conditions, typically
yielding higher energy outputs than P&O [43]. The FOCV method, characterized by its
simplicity, may not track the MPP as effectively in dynamic environments, leading to
lower energy production compared with INC and P&O. Fuzzy Logic Controllers (FLCs)
offer adaptability in uncertain conditions, often achieving competitive energy outputs [44].
ANN-based controllers can potentially maximize daily energy output, contingent on the
quality of training data, while SMC provides robust performance across varying conditions,
consistently delivering high energy output. Consequently, systems employing SMC are
likely to pump more water daily due to their enhanced efficiency in dynamic scenarios.
Table 4 includes a summary table detailing the advantages, disadvantages, and efficiency
results of each method assessed.

Table 4. Summary of MPPT performance assessment methods.

Method  Advantages Disadvantages Efficiency Results
P&O Simple, low resource use  Oscillates in dynamic conditions 90% [42]
INC High responsiveness More complex, higher resource use  95% [43]
FOCV Simple, fewer Less effective in rapid changes 85% [44]
measurements
FLC Robust, adaptable Complex tuning required 92% [45]
ANNs Handles nonlinearities Requires extensive training data 94% [46]
SMC Consistent performance Complex implementation 96% [47]

Sliding Mode Control (SMC) is a robust control technique that has garnered significant
attention in recent years [48-51]. One of the key advantages of SMC is its ability to handle
system uncertainties and disturbances [48,51].

Recent research papers have extensively explored Sliding Mode Control (SMC) strate-
gies in various applications. Laware’s study compared SMC and PID control for DC motor
applications, concluding that SMC outperforms PID controllers in speed control [52]. Tver-
skoi delved into Discrete Time Sliding Mode Control (DTSMC) for third-order processes,
emphasizing stability and system response improvement [53]. Another paper compared
backstepping, sliding mode, and PI controls for active power filters, favoring backstepping
for harmonic minimization and reactive power compensation [54]. Sakri et al. focused on
SMC for three-phase pulse-width modulation rectifiers, achieving stability and dynamic
performance enhancements through sliding mode strategies [55]. Ruderman et al. investi-
gated continuous higher order sliding mode (CHOSM) controllers for disturbance rejection,
highlighting the effectiveness of CHOSM, particularly in comparison with PID controllers,
for broadband disturbance rejection [56]. These studies collectively showcase the versatility
and effectiveness of SMC techniques in diverse control engineering applications.

One of the key advantages of Sliding Mode Control (SMC) is its ability to handle
system uncertainties and disturbances [48,51] Compared with other control methods, SMC
offers a unique approach known as variable structure control, which has been the subject
of extensive research [50,57]. The variable structure control aspect of SMC is particularly
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important as it allows the control system to adapt its structure dynamically based on the
system’s current state [50,57]. This adaptability is achieved through the use of a sliding
surface, which defines the desired system behavior [48,51]. By maintaining the system’s
state on the sliding surface, the variable structure control can effectively compensate for
uncertainties and disturbances, leading to a highly robust and reliable control system [48,50].
In contrast to other SMC methods, the variable structure control approach offers several
advantages [50,57], as it is capable of providing desirable full-order system dynamics
during the sliding mode rather than reduced-order dynamics [50]. Additionally, the
variable structure control can be designed to be chattering-free, which is a common issue in
traditional SMC [50,57].

Overall, the significance of the variable structure control aspect of Sliding Mode
Control (SMC) lies in its ability to adapt the control system’s structure dynamically, leading
to enhanced robustness, reliability, and performance [48,50,51,57].

In this paper, we compared the behavior of the variable structure Sliding Mode Control
(SMC) with the Perturb and Observe (P&O) algorithm.

Knowing that the PV power is P = V,I,,, we can find the MPP of the PVG through
finding a solution for the following function. The graph in Figure 5 illustrates the variation
in power with respect to voltage for the photovoltaic (PV) system, highlighting the relation-
ship between these two critical parameters. As the voltage increases, the power output of
the PV system initially rises, reaching a peak at the Maximum Power Point (MPP) before
subsequently declining

oP
v, =0 (20)
AP/AV=0
Pmax g
| APIAV>0 7 |
A | % AP/AV<0
|
..H": |
o . >

Vp(v) Vmax

Figure 5. Variation in power with respect to voltage.

S0 P al
o oaip
v, = bty v (21)

3.1. Perturb and Observe

This algorithm stands out as the most popular MPPT method due to its simplicity and
effectiveness [58-61]. The PV module power is varied by introducing a minor perturbation.
Power output from PV systems is measured at intervals and compared with past values
in the P&O algorithm. If the output power increases, the procedure is continued; if it
decreases, the perturbation is reversed. Figure 6 presents the flowchart of the Perturb
and Observe (P&O) algorithm, outlining the systematic process used for Maximum Power
Point Tracking (MPPT) in photovoltaic systems. The flowchart visually represents the steps
involved in the P&O method.
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! I !

Figure 6. The P&O algorithm flowchart.

The step size increment AD in the P&O algorithm is determined through a trial-and-
error process, where selecting a step size that is either too large or too small can lead to
instability. Although the P&O algorithm is simple to implement, it suffers from several
issues, including the inability to consistently track the MPP and oscillatory behavior in PV
systems. While larger perturbations can result in faster convergence to the MPP, they also
increase power losses, whereas smaller AD values reduce power loss but slow down the
tracking speed. Therefore, selecting the optimal AD is a significant challenge [61,62]. To
address these issues, this work proposes the use of Sliding Mode Control (SMC) with a
variable structure mode as an advanced MPPT method to improve tracking performance
and system efficiency.

3.2. Variable Structure Sliding Mode Algorithm

To track Maximum Power Points (MMPs), variable structure control systems based on
sliding mode algorithms are used, which consist of a set of laws for feedback control and a
set of rules for decision making. Based on the behavior of the systems, in this case the PV
panel output power, the switching function determines which feedback control to apply.

S = 0 is the switching surface. Two parts of the state space exist, S <0 and S > 0 [63]

The algorithm switching function is given by

oP dip
S= =L+ =V, 22
av, Py, )
Figure 5 illustrates two distinct states of the PVG. The control function for the con-
verter’s power gate drive signal is determined by

1 §<0
SW{O S$>0 23)

Let
. aS . aS as
S axTx afo(X) + ang(X)Swm 0 ( )
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Proof. According to [64], demonstrating the effectiveness of the variable structure mode
control involves showing that the Lyapunov function meets the following conditions:
V=1s2>0,
V=5% (25)
5§ <0
By using Equation (23), the system can be stabilized from any initial state, demonstrat-
ing the effectiveness of this approach.

_ 9P _ alp
S=av, =+ W

| . (26)
Wlth Ip == NpIph - NPL’S (@xpﬁ (ﬂsﬁls) o 1)
9P __ E)Ip
S=8 =1+ 3LV, 27)

= Nylyp — Npls (exp(AVy) — 1) — NyIysAexp(AV,) V,

. 1
with A = n/ch NG
Case1:S>0

According to Figure 5, if the system operates on the left side where Sy = 0, the switch
is off, which leads to a decrease in the duty cycle. Consequently, this decrease in the duty
cycle causes the voltage V), to increase.

— > 0 (28)
ds !
= =N, [(Iph _ Irs) (14 Av,,)exp(Av,,)} (29)
ds ‘
=7 = ~NplsAlexp(AVp) + (14 AVp)exp(AV,) [V, (30)

Using Equation (28) in Equation (30) gives: ddit <0.
Finally, deit < 0.
Case2: S<0

If the system is operating on the right side with Sy = 1, the switch command is high,
resulting in an increase in the duty cycle and a subsequent decrease in V),

dv,

<0 (1)

So, 22 > 0and S% < 0.
Ultimately, the system attains a globally stable condition through the application of
the proposed methods. [J

4. Results

This section presents and analyzes the results of the implemented Maximum Power
Point Tracking (MPPT) control algorithms for the autonomous photovoltaic pumping sys-
tem. This section is divided into two parts: simulation results and experimental results.
It aims to demonstrate the effectiveness of the proposed Sliding Mode Control (SMC)
algorithm compared with the Perturb and Observe (P&QO) algorithm in terms of perfor-
mance metrics such as water flow rates, response time, and robustness under varying
irradiance and load conditions. By showcasing these results, the section highlights the
advantages of SMC in maximizing power extraction and improving the overall efficiency
of the photovoltaic system.
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4.1. Simulation Result

This section focuses on the implementation of the global control strategy for the
solar-powered water pumping system discussed in Section 2 and depicted in Figure 1.
The proposed MPPT algorithm adjusts the converter’s duty cycle to maintain optimal
load voltage and enhance water pumping efficiency. The algorithm also highlights the
significance of each figure in relation to the findings.

Figure 7 presents the results of simulations conducted at irradiation levels of 1000 W /m?
and 500 W/m?, along with abrupt changes in irradiance (G). This figure effectively illus-
trates the dynamic response of the MPPT algorithm, including the generated duty cycle (D),
motor speed (w), and armature current (i;). The graphical representation allows for a clear
comparison of how the MPPT algorithms respond to varying conditions, emphasizing the
robustness of the Sliding Mode Control (SMC) in adapting to sudden changes in irradiance.
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Figure 7. Irradiation (G/Gf), duty cycle (D), speed (w), and armature current (iz).

Figure 8 displays critical performance metrics, including the PV current (I,), PV
voltage (V}), boost converter output voltage (V;), and load torque (T). This figure serves
to demonstrate the operational characteristics of the photovoltaic system under different
load conditions, highlighting the efficiency of energy conversion throughout the system.
The relationships among these parameters are vital for understanding the effectiveness of
SMC in maintaining optimal performance.

Figure 9 showcases the achieved power output from the PV system, including a
zoomed-in view that captures the abrupt changes experienced during operation. This
detailed depiction provides insight into the transient response of SMC, illustrating how
effectively the algorithm maintains power output during sudden fluctuations in irradi-
ance. The figure reinforces the importance of SMC in providing stability and performance
consistency in variable conditions.
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Figure 10 compares the performance of the proposed PV pumping system under
three distinct scenarios: without MPPT, using the Perturb and Observe (P&O) algorithm,
and employing the Sliding Mode Control (SMC) algorithm. The data indicate that the
flow rates achieved with SMC can be up to 70% higher than those obtained without any
MPPT controller. This substantial enhancement underscores the effectiveness of SMC
in maximizing the output power of the Photovoltaic Generator (PVG) and significantly
improving water pumping performance. Moreover, the figure highlights the superior
rapidity of response and reduced oscillations exhibited by SMC compared with traditional
methods, further validating its applicability in PV-WPSs.
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Time(s)
Figure 10. Water flow (Q).

In conclusion, unlike traditional methods, which may struggle to adapt to chang-
ing environmental conditions, SMC offers robust and dynamic control capabilities. By
continuously adjusting the system parameters based on real-time feedback, SMC ensures
precise tracking of the MPP of the PV panel, even under varying irradiation levels and load
conditions. The adaptive characteristics of SMC allow it to harness the maximum power
available from the PVG, thereby optimizing water flow rates.

4.2. Exprimental Result

This section examines the overall control of the PV system. Figure 11 illustrates the
hardware block diagram of the photovoltaic (PV) system, showcasing the interconnection
between various components, including the PV panel, DC converter, and the controller, all
interfaced through a PC. The PV system has undergone extensive experimental testing, and
some of the results are presented in this section. A comparison study has been performed
between the PV system using the standard P&O algorithm and the proposed MPPT SM
controller to assess the effectiveness of the proposed control scheme. Often called Real-Time
Computing (RTC), real-time control involves controlling the behavior of both software and
hardware systems in real time.
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Figure 11. The hardware block diagram.

Digital Signal Processors (DSPs) are specialized microprocessors extensively used
in power electronics for DC/DC converter and Pulse-Width Modulation (PWM) control.
Known for their optimized architecture, DSPs are crucial in diverse fields such as medical
devices, control systems, multimedia, military, telecommunications, automotive, and house-
hold appliances. Their high execution speed and specialized functions provide significant
computing power and efficiency [65-67].

The DS1104 (DSP) controller has been chosen as the control platform, facilitating com-
munication between the system’s physical hardware and SIMULINK (MatlabR2021a).
This integration is achieved by incorporating dSP input/output interface blocks into
SIMULINK models. The effectiveness of the proposed control scheme is assessed by con-
verting SIMULINK models to C-code using the Real-Time Workshop toolbox in
SIMULINK /Matlab [66,67].

Through the use of the DSP graphical user interface (GUI), real-time supervision and
monitoring of the system’s behavior and performance are available. Users can observe and
record live performance data and make real-time adjustments to the system parameters.
The dSPACE DS1104 real-time control layout card is utilized in this study to implement
the MPPT.

As depicted in Figure 11, the hardware setup is illustrated, while Figure 12 showcases
the MPPT PV system hardware. The ATERSA A55 panels are feeding the boost converter
and the load. Four ATERSA A55 PV panels have been installed in parallel on the roof for
this study. All components utilized in this research are depicted in Figure 12, with:

Number 1 is the PV panels;

Number 2 is the Sensors outputs;

Number 3 is the Manually variable resistor;
Number 4 is the dSPACE card;

Number 5 is the Computer;

Number 6 is the DSP graphical user interface;
Number 7 is the DC boost converter.

On a PC, a digital signal processor card and the dSPACE DS1104 software (Control
Desk Next Generation version 4.2.1) were used to acquire data and control the system.
Sensors mounted in the boost converter provided the acquired measurements. Boost
converter sensors provided measurements directly.

The output of the SMC controller (which is a digital signal) was sent to the DC/DC
converter through a digital output of the dSPACE [12]. In this case, the switching frequency
depended on the selected sample time because SMC output (0 or 1) would change in
each sample time. In this work, all subsequent results were obtained at noon in Vitoria
Gasteiz, Spain.
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(b)

Figure 12. The system hardware: (a) P, panel and (b) DAC, boost converter, load, and computer.

A robustness test of the Sliding Mode (SM) system incorporating photovoltaic installa-
tion was conducted with a variation of the load, and the incident irradiation was defined
as internal and external perturbation. After 20 s, the load value was manually modified to
demonstrate the robustness of the SM controllers and their ability to maintain maximum
power extraction. Despite the sudden variation in load, the system had undergone an
abrupt internal perturbation (the load variation); at 20 s, it went from 14.1213 ohm to 27.5708
ohm. This variation represented a sudden change in the Water Pumping Systems (WPSs)
connected to the PV panel. Moreover, the irradiation also presented a great variation from
580 to 220 W/m?.
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Figure 13 illustrates the evolution of voltage and current values at load terminals (Vi)
and (loyt)- It also illustrates the irradiation, power (P), current (I), and panel voltage (V).
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Figure 13. Evolution of system signals under variable irradiation and load with SMC.

Figure 14 depicts the experimental Power versus Voltage (P-V) and Current versus
Voltage (I-V) characteristics for the ATERSA under different irradiation and temperature
conditions. A load variation ranging from 0.1 () to 47.5 () was conducted to ascertain the
panel’s real characteristics, as shown in Figure 14. The red color indicates the obtained
values of P-V and I-V during the application of SMC to the PV panel characteristics shown
in Figure 13. These results underscore the efficacy of SMC in tracking the Maximum Power
Point (MMP). As it is depicted in Figure 13, the irradiation (G) decreased dramatically
by 80%. Despite significant variations in irradiation and load, the MPPT SM controller
consistently operated within the MPPT zone where the (V)), (I;), and the power (P) were
following the irradiation (G) variation. The results obtained by the SM controller demon-
strated its robust design and effective tracking of maximum power. The SM controller
also exhibited high sensitivity to sudden and rapid changes in irradiation, as illustrated in
Figure 13. Despite internal changes where the load varied, the system consistently operated
within the MPPT zone, as illustrated in Figure 14. This demonstrates the robustness of our
control methodology in adapting to fluctuations and maintaining optimal performance
even under dynamic load conditions. The effectiveness of our approach in sustaining
MPPT operation amidst varying load characteristics highlights its potential for real-world
applications where operational conditions may vary unpredictably.
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Figure 14. P-V and I-V characteristics and tracking path using SMC.

5. Conclusions

This paper presents a new method for optimizing Photovoltaic Water Pumping Sys-
tems (PV-WPSs) by introducing the Sliding Mode Control (SMC) technique and comparing
its performance with the conventional Perturb and Observe (P&QO) algorithms for Max-
imum Power Point Tracking (MPPT). The stability of the proposed SMC method was
validated using Lyapunov’s theory, demonstrating its robustness against internal and
external disturbances.

Through simulation-based comparisons and real-time experiments, the efficiency of
the SMC-based system was highlighted. The SMC controller successfully achieved MPPT
under varying irradiation levels and load conditions, showing superior performance over
traditional P&O algorithms. The results revealed that the SMC system could enhance water
flow rates by up to 70% compared with systems without MPPT controllers.

Moreover, the experimental results confirmed the SMC controller’s ability to maintain
MPPT operation even under significant variations in irradiation and load fluctuations,
ensuring efficient power extraction from the PV panel. The controller’s high sensitiv-
ity to sudden environmental changes underscores its potential for reliable and efficient
system performance.

Moving forward, the research will focus on developing a prototype based on the
optimized SMC strategy to validate its practical effectiveness in real-world conditions. The
prototype will be tested in environments representative of remote and off-grid locations to
optimize water supply solutions sustainably. Upon successful testing and refinement, there
are plans to advance the system towards commercialization, offering a scalable solution
for sustainable water pumping and irrigation applications, particularly in reclaimed land
developments and other areas with limited access to the electrical grid.

In conclusion, integrating SMC into PV-WPSs offers robust and dynamic control
capabilities, significantly enhancing system performance and water flow rates. This ad-
vancement contributes not only to sustainable water supply solutions but also to the
broader development of climate-resilient infrastructure in urban and rural settings.
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Nomenclature

G Gref Global, Reference insulation (W/ m?)
I Light-generated current source (A)

Ip, Vp Cell output current and voltage of the panel
Rp, Rs Cell parallel and series resistance ((2)

n, Eg Solar ideal factor, Band gap energy (ev)
Irs Reverse diode saturation current (A)
KSCT Short circuit current temperature (A/°K)
Tc, Te_ref  Cell junction, Reference temperature (°C)
Iph Photon current (A)

Ic Cell current (A)

Ve Cell voltage (V)

Id Diode current (A)

Ish Shunt current (A)

q Charge (Coulomb)

i Ideality factor, A number between 1 and 2
B Boltzmann constant (1.38 x 10~23)

T Absolute temperature (K)

D Duty cycle

Ns, Np Number of series, Parallel modules

ns Number of series cells

Ra Armature resistance ()

La Armature inductance

Ua armature voltage (V)

f constant viscous friction coefficient

] the inertia Moment

Tem, TL  motor, load (pump) torque

Kt back emf constant (also motor torque constant)
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