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The paper introduces a high-performance single-stage PV-RO desalination
system that operates without a battery, reducing system complexity, cost, and
maintenance requirements. The primary focus is designing and controlling a
low-voltage squirrel cage asynchronous motor powered by renewable
photovoltaic energy. The system utilizes the Horse Herd Optimization
Algorithm (HOA) for MPPT to optimize the power balance between the
motor and solar panels, ensuring operation at the GMPP. Additionally, the
motor's rotational speed is managed using Predictive Torque Control (PTC),
based on predicting the system's future actions over a prediction horizon using
the system model. The proposed control scheme is simulated using
MATLAB/Simulink software, evaluating the system's performance under
uniform solar radiation and partial shading conditions. The simulation results
demonstrate that the HOA outperforms other MPPT methods, including the
GWO, FPA, CSA, and P&O, in speed, efficiency, and convergence.
Additionally, the well-established benefits of PTC, including precise torque
response, reduced torque ripples, and accurate speed response, are verified
through simulation results. The seamless integration of a single-stage design,
enhanced power extraction, and precise motor speed control positions the
proposed system as a promising technical and economical solution for PV/RO
desalination systems. At last, its implementation feasibility is validated by a
hardware-in-the-loop (HIL) experiment based on the DSpace 1104 platform.

1. INTRODUCTION

The average daily water usage per household in Biskra (located in Algeria) varied between 370 and 445
liters (Masmoudi et al. 2017), encompassing various purposes, including a dedicated portion for
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drinking. The demand for domestic drinking water has consistently increased, driven by population
growth. Unfortunately, this upward trend has led to a higher energy consumption, placing additional
strain on resources needed to produce fresh water. RO desalination, fuelled by renewable energy
sources, is the primary option for freshwater production from brackish sources (Shokri & Fard, 2022),
particularly in small-scale units designed for off-grid communities. Solar energy is specifically deemed
the most effective solution among renewable energy sources.

Efficient water delivery to the desalination system is a critical component. Traditional solar-powered
pumping setups commonly use a two-stage energy conversion process (Singh & Kumar, 2016), often
incorporating a DC-DC converter to enhance energy extraction from the photovoltaic (PV) array, as
illustrated in Fig. 1. However, using such converters can lead to drawbacks, including increased cost,
lower overall efficiency, and added circuit complexity. To mitigate these issues, a simplified single-
stage configuration is proposed, in which the PV array directly powers the system through a single
voltage source inverter, eliminating the need for an intermediate conversion stage.

Photovoltaic (PV) solar cells convert sunlight directly into direct current (DC) electricity. However,
shading from objects such as trees, buildings, or clouds can significantly reduce solar exposure, limiting
the energy harvested. This phenomenon results in several power peaks on the current—voltage (I-V) and
power-voltage (P-V) curves, including both global maximum power points (GMPP) and local maxima
(LMPP). To address this issue, particularly when multiple local peaks are present, employing Maximum
Power Point Tracking (MPPT) techniques becomes essential. These methods help the PV system
continuously identify and operate at the GMPP, maximizing energy output regardless of environmental
variations (Li et al. 2019). MPPT achieves this by dynamically adjusting the PV module’s operating
conditions to extract the highest possible power (Chauhan et al. 2019). Extensive research has been
dedicated to MPPT strategies, as outlined in (Baba et al. 2020), which categorize these methods based
on factors like speed, accuracy, complexity, and cost. Among the most widely used are Perturb and
Observe (P&O) (Fares et al. 2023) and Incremental Conductance (INC) (Fares et al. 2025). While
simple, these conventional approaches often struggle under non-uniform irradiation (Chellal et al. 2021).
To overcome their limitations, soft computing techniques such as those based on Artificial Intelligence
(Al) have been proposed (Yap et al. 2020; Yadav & Singh 2022). These advanced methods offer high
precision and fast response but typically require complex hardware setups and significant data pre-
processing.
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Fig 1. Conventional double-stage PV array fed water-pumping system

More recently, metaheuristic optimization techniques have gained considerable attention for this
purpose (Nassef et al. 2023). These methods offer a promising alternative to conventional and Al-based
MPPT approaches by addressing their respective limitations. One of the key strengths of metaheuristic
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algorithms is their ability to perform global optimization, which helps accurately locate the true Global
Maximum Power Point (GMPP) within the operating range of the photovoltaic system.

Different types of motors are used with PV-based water pumping systems to drive the pump. typically,
with DC motors (Rekioua, 2019) for their easy controllability but often face maintenance issues. To
overcome this challenge, Permanent Magnet Brushless DC motors are introduced (Sen et al. 2020),
offering improved reliability and efficiency without the need for regular maintenance. However,
Induction motor-driven PV array-fed water pumping systems have secured a prominent market position
due to their robust design, simple construction, and dependable, maintenance-free operation (Varshney
& Singh 2017). Field-oriented control (FOC) (Errouha & Derouich, 2019) and direct torque control
(DTC) (Achalhi et al. 2015) are widely employed in the control of induction motor drives. FOC ensures
fast torque response and extensive speed control by decoupling the motor's flux and torque. However,
it is sensitive to motor parameter variations, especially resistances affected by temperature changes. On
the other hand, DTC offers rapid transient response, robustness, and reduced sensitivity to parameter
changes, overcoming FOC limitations. Nevertheless, DTC experiences torque ripples in steady-state and
efficiency issues at lower speeds. Despite these drawbacks, both FOC and DTC have historically
dominated induction motor drive control. Despite these trade-offs, both methods have long been
prevalent in industrial applications. With advances in processing power and control technologies, more
sophisticated strategies like Model Predictive Control (MPC) have gained attention. MPC includes
continuous and finite set variants (FS-MPC), with Predictive Torque Control (PTC) and Predictive
Current Control (PCC) being the most notable. In PTC, the controller minimizes a cost function that
considers electromagnetic torque and stator flux to select optimal inverter states.

This paper presents a high-performance, single-stage standalone photovoltaic-reverse osmosis (PV-RO)
desalination system to address household drinking water shortage. The system generates electricity
using photovoltaic panels, which directly power an induction motor connected to a centrifugal pump to
supply water to the RO unit. By incorporating the Horse Herd Optimization Algorithm (HOA) for
Maximum Power Point Tracking (MPPT) and Predictive Torque Control (PTC), the system enhances
energy efficiency and adaptability, particularly in off-grid areas. The key contributions of this study are:

1. The system incorporates the Horse Herd Optimization Algorithm (HOA) for MPPT, optimizing
the power balance between the motor and PV.

2. Predictive Torque Control (PTC) is used to manage the motor’s rotational speed, based on future
predictions using the system model.

3. Simulation results show that HOA surpasses other MPPT methods in speed, efficiency, and
convergence, including Grey Wolf Optimizer (GWO), Flower Pollination Algorithm (FPA),
Cuckoo Search Algorithm (CSA), and Perturb and Observe (P&O).

4. The benefits of PTC, such as precise torque response, reduced torque ripples, and accurate speed
response, are confirmed through simulations.

5. The feasibility of the proposed system is validated through hardware-in-the-loop (HIL)
experiments using the dSpace platform.

2. DESIGN OF GLOBAL SYSTEM
The primary objective is to design and implement a PV solar RO system capable of maintaining a

persistent and uninterrupted water flow in isolated regions, even under turbulent climatic conditions,
while ensuring efficient energy provision.
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To achieve this, we propose the configuration shown in Figure 2, which consists of a photovoltaic
generator (PV), a three-phase DC/AC inverter (VSI), an induction motor (IM) coupled to a centrifugal
pump, and an RO membrane module. The photovoltaic panels generate electricity from solar radiation
via the photovoltaic effect, directly powering a low-voltage induction motor connected to a centrifugal
pump. This motor is controlled by a model predictive torque control (MPTC) strategy, with a speed
reference provided by the Horse Herd Optimization Algorithm (HOA) that ensures operation at the
GMPP of the PV system, enabling the system to operate at maximum power under varying conditions.
The three-phase voltage inverter produces a variable frequency output waveform, converting electrical
energy into mechanical energy via the induction motor-centrifugal pump, which then transforms it into
hydraulic energy. This delivers a high-feed water flow to the Reverse Osmosis (RO) module, resulting
in high-quality permeate water production. The system, complete with a storage tank, guarantees

uninterrupted service.
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Fig 2. The Proposed PV-RO system

3. DESCRIPTION AND MATHEMATIC MODEL OF THE PV-RO SYSTEM

3.1 Model of the photovoltaic generator

PV cells convert sunlight into electricity via a p-n junction. When connected to a resistive load, they
produce DC current, which stops when irradiance is absent (Bettahar et al. 2023). This work uses the
two-diode model as show in Figure 3 for its better accuracy under changing light and temperature. The
voltage—current relation is given by (Vinod et al. 2018):

VNp+NgIpvRg
2 NsRp

)

Ipv = Iph _Id1 _Id
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where I.;, and a, are reverse saturation current and diode ideality factor of i th diode respectively. V;,

represents thermal voltages of i th diode and is equal to kt/q.k, T and g denotes Boltzmann constant,
electron charge and temperature respectively. Photo generated current I, is given as:

G

Ion = = (Ln—src + Ki(T = Trer)) (4)

" Gsre
This paper considers the Monocrystalline (Sharp) solar panel NTR5E3E/NT175E1. The specifications
of this solar panel at steady state conditions (STC) of 25 °C and 1000W/m? are the parameters used in
simulations and are shown in (Berttahar et al .2024).

1E""'rp!;

Fig 3. Equivalent circuit of solar PV module

3.2 Impact of Partial Shading on Photovoltaic Module Characteristics

A photovoltaic array consists of multiple PV modules interconnected both in parallel to enhance current
and in series to generate higher voltage (Kareem et al. 2023). The expansive use of solar panels for
electricity generation exposes them to potential partial shading caused by factors like clouds, buildings,
trees, or sandstorms (Errouha et al. 2020). This shading leads to multiple peaks in the P-V characteristics
curve, representing local and global maximum points. This research explores the application of two
distinct shading patterns to a photovoltaic (PV) array, selected based on the characteristics of the site
laboratory of electrical engineering Biskra (LGEB) to simulate uniform irradiation and partial shading
conditions (PSC), as illustrated in Fig. 4(c).

The PV configuration comprises two series modules connected in parallel, supplemented by an
additional two series modules, creating a 2S2P configuration. Shading incidents were observed in two
specific instances. Initially, shading occurred on the left side of the PV array with an intensity of
500W/m? as shown in Fig. 4(a). While on the right side, it reached an intensity of 900W/m2. At another
instance, the lower section of the partially shaded PV array experienced shading with an intensity of
100W/mz, while the upper side maintained an intensity of 900W/m? as shown in Fig. 4(b). The impact
of shading on P-V characteristics curves, is shown in Fig. 4(d).
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Fig 4. 2S2P photovoltaic array layout under varying shading scenarios: (a) Pattern 1, (b) Pattern 2, (c)
PV module setup at LGEB, (d) Corresponding P-V characteristics under partial shading conditions.
3.3 Design of DC Link Capacitor

The equation for the direct current (DC) bus capacitor is given by the following relationship:
1
3 Cac [dec - decl] =3a VIt ®)

where V. is the reference DC voltage (70.08V), V,., represents the minimum allowable DC link
voltage, a is the overloading factor (set to 1.2), I is the per-phase current of the induction motor drive
(IMD), and t is the time duration over which the voltage drop occurs (0.005s). Based on these design
conditions, the capacitor value is selected as C;. = 12000 uF to ensure proper voltage support and
system stability during transient loading.
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3.4 Two-Level Voltage Source Inverter Model

The primary function of the static converter is to convert direct current energy into single-phase or three-
phase alternating energy. Positioned between the continuous power source and the motor pump, the
DC/AC converter plays a crucial role in the energy conversion process. The Voltage Source Inverter
(VSI) model comprises six Insulated Gate Bipolar Transistor (IGBT) switches, as shown in Figure 5
and is controlled using analog values (Fares et al. 2023).

Fig 5. General structure of VSI

Si = 1 if Ti is switched on, else Si = 0i = (1,2,3). The voltage vector expression is as follows:

20t 2 reqp e
val 25 4 vdc
VB|=1— g ?l |53T| (6)
4% -1 -1 2 Vdc

5 5 51T

3.5 Induction Motor Drive

For implementing direct torque control, the two-phase (a—f) model of the induction motor is employed,
and it is mathematically represented as follows (Bettahar et al. 2025b):

%:_(:_lss—:—lrr)lss—wrlmc?—:lsq;ss—;V—lzq;m+cilsvs,3 (8)
Wee = Yy — Rylse ©
dlg:B = Vg — Rylgg (10)

where o, 1, and T, are given as follows: 0 = 1 — (M?/LgL,), s = Rg/Lg, and 1. = R,/ L, where
L5 Isp are the stator current components, Y5, Ygs are the stator flux components, R, R, are the stator

and rotor resistances, 1, 1, are the stator and rotor inductances, M is the mutual stator-rotor inductance,
and wy. is the rotor speed.

The electromagnetic torque in the reference frame (o, ) and the movement are expressed as follows:

Te = gp(q’saisﬁ - lIJSBiSO() (11)
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JSEH =TTy (12)

Where p the number of poles is pairs, and f is the coefficient of friction and Ty, is load torque. The
parameters of the induction machine are in Table 2.

Table 2. Induction machine characteristics

Parameters Variable Value
Rated power Pn 600W
Rated voltage Vn 34V
Nominal yield n 79.9%
Rated power factor Cos (y) 0.951
Rated speed Wrn 2880 rpm

50 Hz
9.54 A

Nominal frequency F

Rated current In

Stator resistance Rs 0.929 Q
Rotor resistance Rr 02290
Stator cyclic inductance Ls 0.0656H
Rotor cyclic inductance Lr 0.0655H
Mutual inductance M 64.5 mH
Number of pole pairs p 1

Moment of inertia J 0.001906kg.m2
Viscous friction coefficient f 0.00003903N.m.s/rd

3.6 The Centrifugal pump

In reverse osmosis systems, multi-stage pumps are typically used to raise the pressure above the osmotic
level required by the RO membrane. The induction motor drives the pump, converting its rotational
speed into pressurized water flow. Energy is transferred in the form of both pressure and velocity
increases between the inlet and outlet. A combined electrical, mechanical, and hydraulic analysis of the
motor-pump unit helps define the operating point for both pumping and desalination processes, based
on the hydraulic load and available power (Bettahar et al. 2025a). The relationship between pressure,
flow rate, and rotational speed is defined by the Pleiderer—Peterman equation (Khiari et al. 2016):

P = aW? + bwQ + cQ? (13)

The torque of the centrifugal pump, representing the resistance offered by the induction machine (IM),
is expressed as:

T, =aQ? + bQW (14)

where P is the pressure of the fluid, T; is the load torque of the pump, Q is the discharge flow rate, W is
the rotation speed of the induction machine, (a, b) are the pump parameters, (c) is a parameter presenting
the losses in the pump.

The water flow and pressure of the pump are contingent on the head and available mechanical power at
the rotating impeller. The application of Affinity laws, which solely necessitate the pump ratings and
real input parameters such as rotor speed and torque, offers a potential simplification for estimating the
pump’s output characteristics. These laws can be expressed as follows:
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H' = (Wr/Wrn)2 -H
Q" = (Wr/Wr) - Q (15)
P’ = (Wr/Wrn)3 P

where, in this context, H, Q, and PP represent the rated parameters of the pump at its rated speed, while
Wrn, H', Q’, and P’ refer to the pump's parameters at a speed Wr different from the rated value. The
output characteristics of the pump model LVR1-13, with serial number X2006003, are presented in
Table 3.

Table 3. Centrifugal pump parameters

Parameters Value
The nominal speed 2900 mint
The nominal flow rates 1.8 m¥h
The nominal head pump 60 m
The nominal power hydraulic 750 W
The max operating pressure 16 bar
a 0.000088
b 0.002132
c -0.962758
P [bar] H [m]
10‘ T T T T 1DD T
e ) H — 50Hz
8 —— 40 Hz | | 80 40Hz
30 Hz 30Hz
§ 80
40r
20¢
o O ' ' ' : Q [m'/h]
AR T 05 1 s 2 2
(b)
Fig 6. Hydraulic characteristics of the motor pump. (a) Pressure-Flow P(Q), (b) total head—Flow
H(Q)

Pumps are generally characterized by their H(Q) characteristics, representing the hydraulic load applied
by the fluid on the impeller, and Q (m3/h) is the pump flow rate. Fig.6 represents the pressure-flow P(Q)
and total head-flow H(Q) characteristics provided by the manufacturer for different frequencies.

3.7 Reverse osmosis membrane

Reverse osmosis (RO) is a pressure-driven membrane separation process that utilizes semi-permeable
membranes to filter water. At the membrane interface, feed water (Qf) flows tangentially and
continuously, splitting into two streams: the permeate (Qp), which passes through the membrane, and
the concentrate or brine (QB), which retains the rejected solutes. This separation mechanism is
illustrated in Fig. 7.
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Fig 7. Reverse osmosis principle

Various models describing membrane performance under operational conditions are available in the
literature. The semi-permeable membrane separates fluid components based on a pressure gradient. In
this study, the RO model adopted from (Zhang et al. 2016) expresses the permeate flow rate Q,, as a

function of the membrane’s active area S,,, water permeability coefficient A, and feed pressure P, as
shown below:

Qp=A-[Pr—Am] - Sy, (16)
The behavior of the osmotic pressure is given by:

Chacl
A=Ky (Ty +273) —2— (17)

nac

The Membrane Recovery Rate, or the ratio of the output water flow to the feed water flow rate, is a
crucial component of the reverse osmosis process. It is determined by:

_Qp
R O x100 (18)

4. CONTROL SCHEME FOR THE PROPOSED SYSTEM

The proposed control scheme consists of two loops, each crucial in optimizing and regulating the system.
The first loop employs the HOA algorithm for Maximum Power Point Tracking (MPPT), aiming to
locate the Global Maximum Power Point (GMMP). The HOA algorithm generates an accurate speed
reference for the system, determined by an optimal frequency to ensure smooth and efficient operation.
In parallel, once the MPPT algorithm calculates the optimal reference speed, the second loop, which
utilizes Predictive Torgue Control (PTC), manages the switching of the Voltage Source Inverter (VSI)
to match the predetermined reference speed.

4.1 Proposed Horse Herd Optimization Algorithm (HOA)

In this study, the Horse Herd Optimization Algorithm (HOA) is employed to track the global maximum
power point (GMPP) of the photovoltaic (PV) module in real time, as detailed in our earlier work
(Berttahar et al. 2024). The HOA dynamically processes real-time measurements of PV current and
voltage to determine the optimal operating frequency associated with the GMPP. This frequency is then
converted into a reference rotational speed using ®=2=nf, and used to adjust the inverter output before
executing the Perturb and Observe (P&O) control logic. The reference speed is constrained within the
range of 0 to 301 rad/s to ensure system safety and stability.
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The HOA algorithm operates by continuously feeding current and voltage data into its optimization
core, where it evaluates the instantaneous power and updates a population of candidate solutions
(“horses”) based on their fitness, i.e., power output. Initialization includes setting up variables such as
frequency candidates, velocities, power estimates, and memory of best positions.

Horses are classified based on their performance and updated through behavioral models that represent
herd instincts, such as grazing, social imitation, hierarchy, and exploration. Parameters such as alpha,
beta, gamma, and delta are used to govern these behaviors. The update rules are structured to direct the
horses toward frequency values that yield the highest output power.

At each iteration, the algorithm retains the best performing frequency (global best) while continuing to
update positions and velocities. The process iterates until a stopping condition is met, typically a
maximum number of iterations (e.g., 300). Figure 8 provides a flowchart summarizing the HOA control
strategy.

4.2 Model Predictive Torque Control (MPTC)

The application of the Predictive Torque Control (PTC) method involves a three-step process: estimating
unmeasurable variables (such as stator flux), computing predictive values for stator flux and
electromagnetic torque, and designing a cost function (Ennasri et al. 2019). Applying the first-order
Euler method to discretize current equations yields the following predictions for stator current and flux:

l|15(k + 1) = Ys(k) + TVs (k) — ReTsls (k) (19)
Fle+D = (142) 00+ 2 [(E - ko) B +v®]} @)

Therefore, the predicted value for torque in the discrete domain is formulated as follows:
TP (ke + 1) = 2 pLin@s(k + D)i¥ (k + 1) (21)

The classical cost function for PTC is used for mathematical optimization, serving as a criterion to
determine the optimal solution to the optimization problem. Once predictions for stator flux and stator
current are obtained, electromagnetic torque can be forecasted. Torque and flux predictions, expressed
in terms of inverter voltage Vs(Kk), result in seven predictions based on the number of voltage vectors
generated by a two-level inverter. The selection of the switching state is achieved through a cost
function, comparing references to predicted values. The cost function is evaluated for each prediction,
and the one yielding the lowest value is chosen. The cost function structure is given by:

g=|T." — TZ (k+ Dp| + |Wz — Wb (k + Dy (22)

There,h € [0,1, ...... 8]

5. SIMULATION RESULTS AND DISCUSSIONS

The proposed configuration for the system has been modeled and simulated in MATLAB/Simulink
using the SimPower Systems toolbox. This section analyzes the system's performance with uniform
solar radiation and partial shading conditions. The simulation results were obtained based on the
parameters: stator flux reference Y| =0.09Wb, A, = 25.77 and PI controller Ki= 2 and Kp=12
parameters.
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5.1 Characteristics of the system under uniform irradiance (G= 1000W/m?, T=25°C)

In standard test conditions (STC) of 25°C and 1000 W/m2, the PV model used has a peak power output
of 700 W. The DC link voltage, VVdc = 70V, is maintained at the maximum power point (MPP)
throughout the system operation. The MPPT performance results are depicted in Fig. 9(a). The Horse
Herd Algorithm (HOA) rapidly achieves the global maximum power point (GMPP) of 700 W in just
0.17 seconds, without any significant oscillations. In comparison, other MPPT techniques such as FPA,
CSA, and GWO demonstrate different behaviors: FPA reaches 695 W in 0.95 seconds, CSA outputs
692.3 W, and GWO attains 700 W in approximately 0.92 seconds. The P&O method, however,
experiences considerable oscillations at its maximum power point.
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The induction motor, powered optimally by the PV array under STC, operates with a reference speed
determined by the MPPT algorithm. The Model Predictive Torque Control (MPTC) regulates the
Voltage Source Inverter (VSI) switching to maintain the rotor speed at this reference level. Fig. 8(b)
highlights the superior performance of the HOA approach, achieving an optimal speed of 287.5 rad/s,
signifying the peak power extraction from the solar panel. In comparison, the P&O, CSA, FPA, and
GWO methods result in speeds of 274 rad/s, 270 rad/s, 259 rad/s, and 234 rad/s, respectively.

Further simulation results (Figs. 9(c), 8(d), and 9(e)) showcase the performance of the electromagnetic
torque, load torque, stator flux, and the motor's three-phase output current under the HOA-based MPPT.
The torque is directly influenced by speed, with the HOA algorithm setting the reference speed and PTC
governing VSI switching to maintain it. The PTC minimizes torque ripples, resulting in a smooth
reference speed trace. The stator flux follows its reference of 0.09 Wb with minimal ripple, while the
stator current waveform is nearly sinusoidal, signifying optimal motor operation and higher feed water
flow rate (QF).

Fig 9(f) displays the reverse osmosis (RO) unit's response to QF and permeate flow rate (QP) under STC
conditions using the HOA. It demonstrates that an increased QF leads to a higher QP, underscoring the
RO unit's efficient performance.
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Fig 9. Simulation responses of proposed system uniform irradiance (G= 1000W/m? and T=25°C)

5.2 Characteristics of the System under Pattern 1

In Pattern 1, the photovoltaic array is arranged in a 2P2S configuration (two parallel strings, each with
two series-connected modules). The modules are exposed to partial shading, receiving 900 W/m? and
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500 W/m? on both the upper and lower modules, conditions typical of sunrise, as illustrated in Fig. 4(a).
The corresponding P—V curve in Fig. 4(d) exhibits a global maximum power point (GMPP) of 487.5 W
and a local peak (LMPP) of 267.52W. Among the MPPT methods evaluated, the Horse Herd
Optimization Algorithm (HOA) performed best, reaching 487.2 W within just 0.4 seconds. In
comparison, the Grey Wolf Optimizer (GWO) required 0.8 seconds to achieve 484.3 W, while the
Flower Pollination Algorithm (FPA) and Cuckoo Search Algorithm (CSA) took 1.29 and 1.52 seconds
to converge to 481.5W and 478.4 W, respectively. The conventional Perturb and Observe (P&O)
method, however, was misled by a local peak and stabilized at 267.52 W, as shown in Fig. 10(a).

Figure 10(b) shows that the HOA algorithm excels by reaching an optimal speed of 259 rad/s at the
Global Maximum Power Point (GMPP). Comparisons with other algorithms reveal distinct speeds: 234
rad/s for CSA, 231 rad/s for FPA, and 245 rad/s for GWO. In contrast, the Perturb and Observe (P&O)
algorithm achieves a reference speed of 189 rad/s at the Local Maximum Power Point (LMPP).

The performance of the induction motor (IM) pump, as shown in Figures 10(c), 10(d) and 10(e),
illustrates the simulation results of the electromagnetic torque alongside the load torque, the flux
reference compared to the stator flux, and the motor's three-phase output current during HOA-based
MPPT. Predictive Torque Control (PTC) regulates the Voltage Source Inverter (VSI) switching to
precisely maintain the set rotor speed according to its reference values. PTC provides minimal
electromagnetic torque ripples while maintaining a constant stator flux at its reference value.
Additionally, the motor currents retain their sinusoidal nature. This control ensures optimal feed water
flow rate (QF) evolution for the desalination plant, leading to an excellent permeate flow (QP), as seen
in Figure 10(e).
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Fig 10. Simulation Response of proposed system under pattern 1
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5.3 Characteristics of the System under Pattern 2

In Pattern 2, the configuration entails the installation of PV modules in parallel in a 2P2S (2 Parallel 2
Series) configuration under shading circumstances of 900 W/m? and 900 W/m? for the top PV, and 100
W/m? and 100 W/m? for the bottom PV, as shown graphically in Fig. 4(b). The resulting characteristic
curve, shown in Fig. 4(d), notably exhibits a single notable peak known as GMPP with a value of 307.2
W, and an accompanying local peak LMPP with a value of 60.4 W. As illustrated in Figure 11(b), the
HOA method exhibits the highest performance in this case, reaching the Global Maximum Power Point
(GMPP) of 307 W in just 0.25 seconds. The GWO algorithm also shows fast convergence, attaining
303.2 W within 0.71 seconds. Similarly, the FPA and CSA techniques converge to their respective
GMPPs in 0.85 and 1.65 seconds. The Perturb and Observe (P&O) algorithm manages to reach the
GMPP in approximately 0.7 seconds; however, it suffers from pronounced oscillations and fails to
maintain a stable operating point.
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Fig 11. Simulation Response of proposed system under pattern 2

Following this, each algorithm's frequency is extracted to determine the system's reference speed. using
it as the fundamental PTC reference to manage the inverter's switches to achieve and sustain the
specified reference speed for the motor's rotational motion to provide the feed water for the RO unit.
The HOA technique performs exceptionally well, achieving an optimal speed of 111rad/s (GMPP). The
differences in speed between the CSA, FPA, and GWO algorithms and the others are 105 rad/s, 103
rad/s, and 103 rad/s, respectively. Perturb and Observe (P&O), on the other hand, reach a reference
speed of 100 rad/s as shown in Fig 11(b). The torque is a function of rotor speed. The load torque and
electromagnetic torque for the HOA approach are both shown in Fig 11(c) and have the same value.
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Simultaneously, the consistency in the sinusoidal nature of motor currents, as depicted in Figure 11(d),
underscores the stability and reliability of the system. This waveform continuity is indicative of the
system's ability to maintain a regular and predictable pattern. The HOA algorithm'’s role in optimizing
the system's performance is paramount. By determining a reference speed that corresponds to the
maximization of the output power given the high feed water flow (QF) for the desalination plant, the
RO plant works to extract as much permeate flow (QP), as shown in Fig 10(e).

5.4 HIL test using dSpace 1104

Once the simulation was concluded, the controllers were tested in a Hardware-in-the-Loop (HIL)
environment, as shown in Figure 12. HIL experiment based on the dSpace platform, was undertaken
with its structure and platform configuration modeled using the SimPower Systems toolbox. The
proposed system was embedded on the DS1104 (1) bored with a sampling frequency of ¥ 10 kHz.
Meanwhile, HOA-based MPPT with PTC was implemented on the DS1104 (2) bored with a limit
sampling frequency of ¥ 25 kHz to mimic the control as close to the real one as possible. In this setup,
the motor's three-phase output current (iabc), PV voltage (Vpv), PV current (Ipv), and rotor speed (Wr)
were measured from the real-time calculations of the proposed system on the DS1104 (1) board. These
measurements were then transmitted to the HOA-based MPPT with PTC embedded on the DS1104 (2)
board via cables for real-time calculation of controller outputs, the optimal switching states S1, S3, and
S5. The integration of analog-to-digital (A/D) and digital-to-analog (D/A) modules facilitated the HIL
experiment, ensuring accurate real-time data exchange and controller output calculation.
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Fig 12. HIL experimental setup implemented. (a) Scheme. (b) Photo
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Figure 13 provides HIL experiment results obtained under STC, Pattern 1 and Pattern 2. Their responses
share a very high similarity. The dynamic responses in the HIL experiment are in good agreement with
the simulation results.
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5.4 Recapitulation

According to the simulation results, Table 4 compares the performance of various maximum power
point tracking (MPPT) techniques, including Grey Wolf Optimizer (GWO), Flower Pollination
Algorithm (FPA), Cuckoo Search Algorithm (CSA), Perturb and Observe (P&O), and High-Order
Ambiguity (HOA), under different conditions (STC, Pattern 1, and Pattern 2). The comparison is based
on PV power output, settling time of power, reference speed, accuracy of flow pressure (Pf), feed water
flow (Qf), permeate flow (Qp), and recovery rate (R). The table indicates that the HOA technique
outperforms all other MPPTSs by consistently obtaining the Global Maximum PowerPoint (GMPP) for
each state in a short amount of time and determining the reference speed compatible with GMPP.
Additionally, HOA achieves a higher quantitative water flow rate under different shading conditions
compared to the other MPPT methods.

Table 4. Quantitative comparison between MPPT methods for different Patterns

Settling flow feed Permeate Recovery
PV time of Reference Accuracy pressure  water flow Rate
MPPT Shading power  power speed (%) (P flow (Qp) (R)
(W) (s) (rad/s) (bar)  (Qf)  (m%h) (%)

(m3/h)
STC 699.95 0.38 287.5 99.99 5.5 1.7 0.5 29.4
HOA  Patternl 487.2 0.41 259 99.94 4.95 1.55 0.3 19.53
Pattern2 307 0.05 111 99.93 2.12 0.65 0.2 30
STC 699 0.92 284 99.86 5.43 1.65 0.41 24.9
GWO Patternl 484.3 0.80 245 99.35 4.68 1.42 0.22 15.5
Pattern2  304.2 0.11 105 99.03 2 0.6 0.15 25
STC 696 0.95 281.3 99.43 5.38 1.62 0.39 24
FPA  Patternl 4815 1.29 234 98.98 4.47 141 0.20 14
Pattern2  304.2 0.25 105 99.03 2 0.6 0.15 25
STC 695.12 0.92 279 99.31 5.33 1.60 0.37 23
CSA  Patternl 4784 1.52 231 98.15 4.4 1.39 0.18 11
Pattern2  304.2 0.65 105 99.03 2 0.6 0.15 25
STC 695 1.26 279 99.29 5.3 1.59 0.32 20
P&O  Patternl 267.52 0.90 189 54.87 3.5 11 0.13 11.8
Pattern2 303 0.70 100 98.67 19 0.4 0.08 20

6. CONCLUSION

In conclusion, this research paper presents the design and control of a single-stage PV-RO system
controlled by an HOA-based MPPT and PTC. The system's performance was tested under partial
shading conditions (PSCs) using representative cases from a laboratory LGEB. The test results
concluded that the HOA efficiently tracked the GMPP with high fidelity, particularly under PSCs,
demonstrating fast, robust, and accurate performance. Meanwhile, the PTC effectively controlled the
inverter to achieve the required reference speed, ensuring a good water flow rate. The combination of
GMPP extraction from the solar panel and robust motor control results in a high-performance system.
The PV array operated at maximum power despite variations in atmospheric conditions, and the pump,
modeled using the affinity law, showed satisfactory performance during PSCs. This guarantees
consistent flow to the water desalination unit. The synergistic integration of the single-stage design,
enhanced power extraction, and precise motor speed control positions this system as a promising
solution for photovoltaic reverse osmosis (PV-RO) desalination.
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