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Abstract

Diesel engines (DEs) commonly power pumps used in agricultural and grassland irriga-

tion. However, relying on unpredictable and costly fuel sources for DEs pose’s challenges

related to availability, reliability, maintenance, and lifespan. Addressing these environmen-

tal concerns, this study introduces an emulation approach for photovoltaic (PV) water

pumping (WP) systems. Emulation offers a promising alternative due to financial con-

straints, spatial limitations, and climate dependency in full-scale systems. The proposed

setup includes three key elements: a PV system emulator employing back converter con-

trol to replicate PV panel characteristics, a boost converter with an MPPT algorithm for effi-

cient power tracking across diverse conditions, and a motor pump (MP) emulator

integrating an induction motor connected to a DC generator to simulate water pump

behaviors. Precise induction motor control is achieved through a controlled inverter. This

work innovatively combines PV and WP emulation while optimizing system dynamics, aim-

ing to develop a comprehensive emulator and evaluate an enhanced control algorithm. An

optimized scalar control strategy regulates the water MP, demonstrated through MATLAB/

Simulink simulations that highlight superior performance and responsiveness to solar irra-

diation variations compared to conventional MPPT techniques. Experimental validation

using the dSPACE control desk DS1104 confirms the emulator’s ability to faithfully repro-

duce genuine solar panel characteristics.
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1. Introduction

A nation’s growth is significantly influenced by its sources of water, essential for domestic,

drinking, large-scale irrigation, building, and electricity generation purposes. The demand for

water amounts to approximately five liters per person per day [1–3], yet accessibility remains a

challenge in many regions despite ample global water resources. This underscores the critical

role of water pumps (WP) in transporting clean water from its source to areas of need, a task

they have fulfilled for many years [4–6].

In contrast to fossil fuels, photovoltaic (PV) systems have gained attention for their envi-

ronmental benefits and extensive development efforts aimed at enhancing efficiency and struc-

ture. Ref. [7] utilized the Newton-Raphson method to analyze PV cell equivalent circuit

parameters, focusing on fill factor and open-circuit voltage using MATLAB-based software.

Ref. [8] explored the modeling and simulation of an off-grid PV system incorporating an LC

passive filter to mitigate harmonic components, achieving significant reduction in total har-

monic distortion (THD) from 91.55% to 2.62% through MATLAB/Simulink simulations. PV

systems have been deployed in various isolated locations for purposes such as irrigation, live-

stock watering, communal water supply, and rural electrification, offering advantages includ-

ing quiet operation, minimal carbon emissions, and low maintenance costs [9, 10].

Electric drive systems constitute a substantial portion, approximately 70%, of global elec-

tricity consumption, with pumping systems alone consuming between 10% to 40% of total

electrical energy produced [11, 12]. The shift towards renewable energy-based WP systems is

steadily replacing diesel engine pumps due to their adverse environmental impact, high main-

tenance costs, and substantial initial investments [13, 14]. PVs are emerging as a viable solu-

tion in remote areas to meet daily energy needs, particularly for WP applications [13, 15, 16],

offering sustainability and minimal maintenance costs without the added expense of fuel.

These systems rely on stochastic changes in temperature and solar irradiation.

The induction motor (IM) plays a pivotal role in WP systems due to its affordability, simple

mechanical design, and robust nature [17]. However, its nonlinear control characteristics pres-

ent challenges. Indirect field-oriented control (FOC) is commonly employed to achieve decou-

pled flux and torque control, akin to separately excited DC motors, ensuring stable operation.

Additionally, a model predictive speed control strategy for surface-mounted permanent mag-

net synchronous motors utilizing Laguerre functions integrates MPC with online quadratic

programming for constrained optimization [18], demonstrating superior performance in

steady-state and dynamic response compared to traditional methods.

Despite advancements, uncertainties and external disturbances can impact system effi-

ciency [19, 20]. Independent PV-WP systems are widely deployed in rural areas for domestic,

agricultural, and drinking water needs, eliminating the need for battery storage. Historically,

WP demands were met by diesel-electric and fuel cell systems, which are environmentally pol-

luting, require annual maintenance, and operate inconsistently. Power converters (PCs) serve

as intermediaries between PV panels and load-driven motors, necessitating compatibility

between motor characteristics and PV module specifications for efficient PV-WP operation.

Numerous studies have documented drive-driven WP systems, encompassing both DC and

AC drives [21–23].

For optimized PV power harvesting, various approaches have been developed [24–27]. The

intermediate DC-DC switching PC plays a crucial role in two-step MPPT systems, facilitating

PV module peak power point tracking. Alternatively, single-stage MPPT eliminates the need

for DC-DC PC structures, maintaining PV module operation at optimal efficiency levels. Sev-

eral DC-DC PCs, including SEPIC, ZETA, and CUK converters, have been utilized for PV

MPPT applications [28–30]. The SEPIC converter, a fourth-order PC, enhances PV module
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MPP optimization and motor WP system speed regulation, acting as an impedance matching

interface between PV modules and PCs. Despite its benefits, the SEPIC converter exhibits pul-

sating current effects. Conversely, the ZETA converter offers simplified compensator circuitry

and reduced output ripple compared to SEPIC, albeit with challenges related to flying capacitor

size and buck-regulated power circuitry. The CUK converter maintains constant input/output

current, enhancing transient response and reducing settling time compared to other DC-DC

PCs. Ref. [31] evaluates PV-based SEPIC, CUK, Zeta, and Luo converters, highlighting the

superior efficiency and reduced ripple under transient conditions offered by the Luo converter.

Furthermore, a Laguerre-based model predictive controller (LMPC) stabilizes and regulates

voltage in a buck DC-DC converter [32], while a modified controller for a three-level, three-

phase voltage source inverter employs Laguerre functions within model predictive control to

enhance precision and reduce computational load, validated through experimental trials show-

ing improved performance and reduced total harmonic distortion [33]. Nevertheless, the inter-

mittent nature of power generation in such systems, without precise control over active and

reactive power production, often poses challenges to the connected electrical systems, particu-

larly in the context of IM-based WP systems. Consequently, the modeling and optimization of

PV-WP systems with IMs have become a pivotal research domain aimed at enhancing system

efficiency [34–36]. While the research landscape on IM control has witnessed prolific growth in

recent years, with scientists worldwide continually publishing results, two predominant methods

have solidified their position as the cornerstone of research in motor control: scalar control (SC)

with open or closed loops and vector control (VC) or FOC. These techniques have served as the

foundation for various derivative methods, particularly embraced by the variable-speed drive

development industries, with direct torque control emerging as a notable example. It is essential

to emphasize the advantages of VC over basic SC. VC offers effective machine control in both

stable and transient operating conditions, making significant contributions to control objectives.

This study introduces an innovative approach to emulate PV water pumping systems, offer-

ing a cost-effective alternative for development and testing without the need for large-scale set-

ups. By integrating a PV system emulator, boost converter with MPPT algorithm, and motor

pump emulator into a unified framework, the system achieves efficient testing and develop-

ment capabilities. The optimized scalar control strategy for motor pumps enhances dynamic

performance and control precision, making the emulation setup highly effective.

The main contributions of this research are:

• Integrating PV and water pump emulators into a cohesive system validated through experi-

mental setups using the dSPACE control desk DS1104, accurately reproducing solar panel

characteristics.

• Introducing a novel MPPT algorithm based on Golden Section Optimization (GSO), mark-

ing its first application for tracking maximum power points under dynamic conditions and

partial shading. This algorithm ensures rapid convergence and robustness against atmo-

spheric variations, requiring no parameter tuning and relying solely on the PV module’s

open-circuit voltage. It outperforms traditional MPPT methods in real-world scenarios,

enhancing global MPP tracking efficiency and simplifying implementation.

These innovations advance PV system emulation and MPPT techniques, providing practi-

cal solutions to enhance the efficiency and feasibility of solar energy systems.

The paper’s structure includes a descriptive study of global photovoltaic pumping systems,

exploration of control strategies for different system stages, detailed implementation of the

proposed photovoltaic pumping system emulator with comparative performance analysis, and

presentation of results and conclusions with key findings and implications.
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2. Descriptive study of a global photovoltaic pumping system

The PV-WP system essentially includes a PV array, a DC/DC PC, an MPPT controller, a DC/

AC PC, and a motor pump (MP), as shown in Fig 1.

The PV generator, commonly known as the PV array, plays a pivotal role in supplying elec-

trical power to the system by efficiently converting PV energy into electrical energy [37]. In

this study, a novel approach was employed to emulate the PV system, utilizing a DC power sys-

tem in conjunction with a buck PC, all meticulously controlled by a DSPACE card. The second

crucial component in the system involves a DC-DC PC, specifically a boost PC, governed by

the MPPT technique. This MPPT control strategy ensures the optimum power output achiev-

able from the PV array emulator (PVAE). The third element of the setup is the DC-AC PC,

commonly known as an inverter. Its primary function is to convert the DC into AC voltage,

facilitating the supply of power to the AC motor integrated into the MP system. The MP sys-

tem comprises an IM paired with a CP, with the selection of the IM tailored to meet the power

requirements of the pump.

3. Control strategies

3.1. Control of PVAE system

In this part, the output current of the panel and the irradiation level are utilized as inputs to

generate an output voltage. The P-V electrical physical appearance of the PVAE should be sim-

ilar to the characteristics of the PV array simulated and demonstrated in Figs 2 and 3. The

Fig 1. Addressed system.

https://doi.org/10.1371/journal.pone.0308212.g001
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Fig 2. P-V, I-V characteristics with fixed temperature, (T = 25˚C).

https://doi.org/10.1371/journal.pone.0308212.g002
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Fig 3. P-V, I-V characteristics with fixed irradiance, (G = 1000W/m2).

https://doi.org/10.1371/journal.pone.0308212.g003
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PVAE emulated the source of approximately 1 (kW), so six modules have been used in series,

sufficient to supply the IM. Simulation using MATLAB/SIMULINK software of four modules

connected in series with the parameters given in Table 1 gives the following results:

The process of determining the operating point given the load, irradiance, and temperature

is known as the PVAE control approach. To become PVAE, it combines the PC and PV mod-

els. The control approach has an impact on the PVAE’s different performance. A virtuous con-

trol method has minimal processing overhead, resilience, high adaptability in simulating

different PV models, low processing burden, and correct output voltage and current similar to

the PV model. It is also simple to implement. When implementing PVAE, a variety of control

mechanisms are employed. Because of its ease of use, the direct referencing method (DRM) is

frequently employed in the PVAE [32, 38]. Fig 4 presents the design of the PVAE based on the

DRM. The equivalent circuit above deduces that [10, 29, 30, 33, 39].

I ¼ Iph � ID � Ish ð1Þ

I ¼ Iph � I0 exp q
V þ RS:Ið Þ

NSnKT

� �

� 1

� �

�
V þ IRs

Rsh

� �

ð2Þ

To achieve the desired power output, it is essential to connect the required number of PV

modules both in series and in parallel. This arrangement is commonly referred to as a PV

array [10, 33].

Iarray ¼ NpIph � NpI0 e
q

Varray
NS

þ
RsIarray

Np

� �

nKT � 1

2

6
4

3

7
5 �

V Np
NS

� �
þ IarrayRS

Rp
ð3Þ

A current model for the PV array (Eqs (2) and (3)) is deployed to compute the reference

voltage. VPV-array-ref, considering irradiation variations. VPV-array-ref is compared to the buck

PC’s output voltage and regulated using a PI regulator to generate the PWM for the buck PC,

simulating the PV panel’s behavior.

3.2. Control strategy of converters

There are two parts to the system control as depicted in Fig 5. Using one of the MPPT

approaches, the PV array’s maximum power is tracked. The duty cycle of the dc-dc boost PC is

Table 1. PV panel characteristics.

PV panel (BP SX150S PV) Values

Maximum power (Pmax) 150 (W)

Voltage at Pmax (Vmpp) 34.5 (V)

current at Pmax (Impp) 4.34 (A)

Warranted minimum (Pmax) 140 (W)

Open circuit voltage (Voc) 43.5 (V)

Short circuit current (Isc) 4.75 (A)

Temperature coefficient of (Isc) (0.065±0.015)(%/˚c)

Temperature coefficient of (Voc) (160 ±20) (mV/˚c)

Temperature coefficient of power (0.5±0.05) (%/˚c)

NOCT 47±2 (˚c)

https://doi.org/10.1371/journal.pone.0308212.t001
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the stage’s control variable. The second part is the recommended linear V/f control, which

uses conventional sinusoidal PWM to produce the logic switching signals [40].

Two PI control loops are used to maintain the DC-DC boost PC’s inductor current con-

stant at a preset standard value. In this instance, the MPPT’s methods are used for measuring

the panel output voltage and current to produce a standard voltage (VPV-ref) that corresponds

to the maximum power voltage.

In this study, a new MPPT algorithm named "Golden Section Search (GSS)" was simulated

and compared with conventional ones (P&O and Incremental). This new algorithm operates

through a series of narrowing steps aimed at identifying the range of values containing the

extremum value. This process, known as the GSS [41], involves evaluating function f(x) at two

points, x1 and x2, selected within the interval [a, b]. These points divide the interval into two

halves, ensuring that the ratio of the lengths of the larger and smaller subintervals to the full

interval length remains constant. Consider a line segment [0, 1] as depicted in Fig 5. Then:

1
r ¼

r
1� r

�
i.e. r2 + r − 1 = 0 hence r = 0.618

x1 = b − r(b − a) i.e. x1 is 0.618 of interval away from b(1)

Fig 4. PV emulator and boost converter scheme.

https://doi.org/10.1371/journal.pone.0308212.g004

PLOS ONE Photovoltaic pumping system emulation with DS1104 hardware setup

PLOS ONE | https://doi.org/10.1371/journal.pone.0308212 October 7, 2024 8 / 24

https://doi.org/10.1371/journal.pone.0308212.g004
https://doi.org/10.1371/journal.pone.0308212


x2 = a + r(b − a) i.e. x2 is 0.618 of interval away from a(2)

The P-V characteristics are the operating characteristics of a photovoltaic system that uses

GSS for maximum power point tracking. Here, f(x) represents the power, whose maximum

value needs to be recorded, and x1 and x2 represent the array voltage. As seen in Fig 5, the

range of operation is from zero to open circuit voltage (Voc), while a = 0 and b = Voc. Fig 6 dis-

plays the flowchart for utilizing GSS to discover a function’s maxima [42].

As depicted in Fig 7, the reference voltage (VPV-ref) is subtracted from the panel voltage,

producing an error that serves as the reference current (Iboost SW-ref) as it passes through a PI

controller. The boost converter’s switching duty cycle is then obtained by subtracting a peri-

odic sample of the boost converter’s switching current (Iboost SW) from the reference current.

This error is also passed through a PI controller. Thus, the panel voltage is indirectly controlled

by the switch’s current control. The panel voltage must drop as the current reference rises.

Consequently, the signals used to calculate the voltage error differ from those used to calculate

the current error.

There is just one energy-storing component in stage 3 (DC link capacitor (Cdc). Under tran-

sitory circumstances, considering the lossless operation of the system:

Ppv ¼ PCdc þ Pr

PCdc ¼ VboostCdc
dVboost

dt

ð4Þ

The symbols Ppv, PCdc, and Pr are the PV, Cdc, and motor output power.

Ppv ¼ VboostCdc
dVboost

dt
þ Tror; Tr ¼ Tpump

� �
ð5Þ

Fig 5. The division of interval and the interval markings on the characteristics PV.

https://doi.org/10.1371/journal.pone.0308212.g005
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During steady-state conditions, Vboost remains constant, so,

dVboost

dt
¼ 0 ð6Þ

Hence (16) becomes:

Ppv ¼ Tpump or ð7Þ

Fig 6. Flowchart of the proposed GSS algorithm.

https://doi.org/10.1371/journal.pone.0308212.g006
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Knowing that for the MP, the load torque is expressed as a function of the speed, as follows:

Tpump ¼ Kpump o
2

r ð8Þ

Finally,

Ppv ¼ Kpump o
3

r ) or ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ppv=Kpump

3
q

ð9Þ

Using (9), one can calculate the IM’s speed reference based on the PV array’s output power.

The reference speed and the DC-link voltage (Vdc) control loop’s output are then used to cal-

culate this reference frequency. By employing sinusoidal PWM on the output from V/f control,

the switching logic for the voltage source PC is produced.

The computed reference frequency from (10) will be greater than the accurate value as

Ppv> PL and motor slip cannot be zero, especially when the load is at its maximum. By employ-

ing a different PI controller, the difference can be adjusted by deducting a compensatory term

(Δω) that is derived from the feed-forward term and the steady state condition of the Vdc as

expressed in the equations from 4–10. To maintain a power balance over the Cdc, the term

(Δω) compensates for the motor losses. Therefore, using (10), it is possible to finally compute

the necessary motor reference speed.

Fig 7. PV emulator and boost converter scheme.

https://doi.org/10.1371/journal.pone.0308212.g007
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Next, using this reference speed and the supposition of a negligible motor slip, the needed

desired operating frequency is estimated from (10):

Do ¼ kp þ ki

Z

dt
� �

∗ or ref � or

� �
ð10Þ

The amplitude of the stator flux in linear V/f control is inversely related to frequency (ϕ/
V/f) and proportional to stator voltage as illustrated in Fig 8. Therefore, for linear V/f-based

supervision, maintaining a constant (V/f) ratio will result in constant air gap flux amplitude.

The reference frequency is the only input to the indicated linear (V/f) control, which is then

utilized to produce the necessary frequency modulation index (the ratio of the frequencies of

the sinusoidal reference signals to that of the "triangular" carrier signal) of the three sinusoidal

voltage references. At last, the voltage source inverter’s switching signals are generated via con-

ventional SPWM.

3.3. Control of the moto-pump system

The pumping system, depicted in Fig 9, features an independently excited DC generator cou-

pled to an IM, emulating pump system behavior. In addition, the rated values of the employed

machines are listed in Table 2.

The independently excited DC generator torque is given by the following equation:

TDC ¼ Ka�Ia ð11Þ

Fig 8. The relationship in a linear V/f control between the frequency and stator voltage.

https://doi.org/10.1371/journal.pone.0308212.g008
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Fig 9. Motor pump control scheme.

https://doi.org/10.1371/journal.pone.0308212.g009

Table 2. The rated values of the IM and separately-excited DC generator.

Induction machines Power 0.75 kW

Frequency 50 Hz

Voltage (Δ/Y) 220/380 V

Current (Δ/Y) 3..16/1.83 A

Speed 2850 rpm

Pole pair (p) 2

Separately-Excited DC generator Power 1 kW

Voltage 220 V

Rated Current 6 A

Excitation Current 0.53 A

Speed 1500 rpm

https://doi.org/10.1371/journal.pone.0308212.t002
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The characteristic torque-speed relationship of the pump load reveals that load torque is

proportional to the square of motor speed (ωr) presented in Eq (8). Emulating the pumping

system involves subtracting the DC generator torque from the instantaneous pumping torque,

resulting in an error that is controlled to replicate centrifugal pumping behavior.

4. Implementation of proposed photovoltaic pumping system

emulator

4.1. Description of the laboratory setup

According to Fig 10, the control strategies are executed on the dSPACE 1104 platform, which

oversaw the PV emulator, boost converter, and inverter for the WP system. The implementa-

tion of controllers is conducted within Simulink. Using the C code generator, MATLAB’s

Real-time Workshop programs the dSPACE ACE kit 1104 CLP module. The controllers are

simulated in MATLAB and then loaded onto a dSPACE controller module. The real-time

interface (RTI) of MATLAB facilitates the graphical configuration of controller inputs and

outputs in Simulink.

4.2. Simulation and experimental results and discussion
4.2.1. Simulation results. MATLAB/Simulink software is employed for conducting vari-

ous tests to evaluate the success and robustness of the suggested control. In Fig 11, a rapid vari-

ation in irradiation is initially applied, starting at 0.8 kW/m2 of sunlight. At 0.6 seconds, it is

Fig 10. Implementation of PV-WP system emulation via DS1104 hardware.

https://doi.org/10.1371/journal.pone.0308212.g010
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adjusted to 0.6 kW/m2, followed by an increase to 0.7 kW/m2 at 1.2 seconds, and further to 1

kW/m2 at 1.6 seconds, while maintaining a temperature of 25˚C.

Figs 12 and 13 depict how changes in insolation affect the motor-pump characteristics and

illustrate the DC link voltage and speed response.

Fig 14 presents the PV array’s power response using three different MPPT techniques. The

INC-controlled PV system achieves steady-state with higher power values more quickly com-

pared to systems employing P&O and GSS algorithms.

Fig 11. Profile of the applied solar insolation.

https://doi.org/10.1371/journal.pone.0308212.g011

Fig 12. Response of the DC link voltage.

https://doi.org/10.1371/journal.pone.0308212.g012
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Also, the GSS and INC MPPT techniques with the P&O-controlled are used in PV system

to make the PV generator to operate at its maximum power point in spite of variations in the

weather. In comparison to the other two, the GSS control operates more quickly. The GSS and

INC MPPT techniques force the PV generator to operate at its maximum power point in spite

of variations in the weather.

4.2.2 Comparative studies. Table 3 and the graphic summarize and exhibit the differ-

ences in the performance of the three techniques throughout the simulation.

According to the Table 3, it appears that the GSS technique significantly improves system

stability. The DC link voltage and speed remain in a steady state without disturbance during

variations in solar irradiation, except during the initial transient period, where it exhibits some

overshoot, although less than the P&O or INC techniques, despite being somewhat delayed.

Fig 13. Response of motor-pump; speed.

https://doi.org/10.1371/journal.pone.0308212.g013

Fig 14. Response of the PV power.

https://doi.org/10.1371/journal.pone.0308212.g014
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However, the P&O and INC techniques display disturbances during insolation variations, with

the P&O technique being particularly more affected.

This graph exhibit the most efficient method to extract maximum power from the PV

array. It seem that GSS method is more efficient at any isolation changing. Dispite that the

INC is also seems like GSS but at the last transient time it loose its performance (Fig 15).

4.2.3. Experimental results. (A) Steady-state performance of PV emulator. To validate the

performance of control techniques, the PV emulator is assessed under varying irradiation lev-

els, as illustrated in Fig 16. Initially, the P&O MPPT method is employed on the I-V and P-V

curves derived from the panel emulator (Fig 2). As illustrated in Fig 17, it showcases accurate

maximum power tracking across a spectrum of irradiation levels, ranging from 1000 (W/m2)

to 500 (W/m2). As can be seen in Fig 18, the emulator successfully produces voltage (Vpv) and

current (Ipv) responses that closely align with each irradiance variation. Furthermore, the DC

bus voltage (Vboost) demonstrates effective tracking when compared to the Vpv-ref, which corre-

sponds to the MPP.

(B) Steady-state performance of the load (MP). The delay in reaching the peak value of

the PVAE’s power output was observed, impacting the response of the system to load

Table 3. Comparative study of the techniques’ performance.

Profile transient time Overshoot / Undershoot (%)

DC link voltage response Speed response

P&O INC GSS P&O INC GSS

0–0.3 32.5 18.75 17.5 5.88 3.2 1.7

0.3–1 7.5 1.25 0 -23.53 0 0

1–1.2 3.75 -6.25 0 -35.29 -1.18 0

1.2–1.5 1.25 6.25 0 -38.23 1.18 0

1.5–1.6 -18.75 1 0 -11.76 -3.53 0

1.6–2 3.5 -18.75 0 -11.76 0 0

https://doi.org/10.1371/journal.pone.0308212.t003

Fig 15. Graph 1. Power fluctuation of the three techniques.

https://doi.org/10.1371/journal.pone.0308212.g015
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demands. Adjustments have been made to ensure effective response of the emulator to the

MPPT reference voltage, as illustrated in Fig 19. Initially, power is received by the DC link

of the inverter. When the boost PC’s switching device is in the off position, the voltage

across the DC link terminals of the inverter matches the open-circuit voltage of the PV

Fig 16. Profile of irradiance variation curve.

https://doi.org/10.1371/journal.pone.0308212.g016

Fig 17. I-V and P-V characteristics of the emulator during irradiation changing.

https://doi.org/10.1371/journal.pone.0308212.g017
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Fig 18. PV emulator variation current and boosted voltage during irradiance variation.

https://doi.org/10.1371/journal.pone.0308212.g018

Fig 19. PV emulator and shaft power variation.

https://doi.org/10.1371/journal.pone.0308212.g019
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generator, gradually decreasing as motor speed increases. Simultaneously, the current of

the PVAE begins at zero and progressively rises to the maximum current (Imax), as

depicted in Fig 18.

At t = 2.35 (s), activation of the boost PC occurs, and the system converges to its corre-

sponding MPP. Adjustment of the intermediate circuit voltage to the reference value is

achieved through the action of a PI regulator. Fig 18 verifies that the motor current consis-

tently remains below its rated current due to a smooth startup procedure designed to extend

the motor’s lifespan. Validation of this approach is supported by emulator panel curves, con-

firming consistent operation of the system at peak power with control of the Boost converter

output voltage while accommodating the load connected to the inverter output.

As depicted in section 4 (Fig 10), which focuses on the pumping system, an induction

motor is coupled with an independently excited direct current generator to replicate the

behavior of the pumping system. Fig 20 illustrates that the pumping torque is meticulously reg-

ulated to achieve a centrifugal pumping behavior that closely aligns with the DC generator’s

torque profile.

Fig 20. Speed and torque curves during irradiation changing.

https://doi.org/10.1371/journal.pone.0308212.g020
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5. Conclusions

The proposed system integrates a photovoltaic system emulator, a boost converter with an

MPPT algorithm, and a motor pump emulator, effectively combining PV and WP emulation

while optimizing system dynamics. The innovation lies in the fusion of these emulators into a

single chain, allowing for precise control and faithful reproduction of real solar panel charac-

teristics. The main objective of the study is to develop an adequate emulator for PV water

pumping systems and evaluate an improved control algorithm. A proposed control using an

MPPT based on both conventional (P&O and Inc) and GSS algorithms are given. To create

and simulate the suggested system, MATLAB and its Simulink program were utilized.

The simulation results demonstrate that the proposed system, using MATLAB/Simulink,

effectively evaluates the robustness of the PV array characteristics and the PVAE control

approach. Under varying solar irradiations, the GSS and INC MPPT techniques exhibit superior

performance in tracking, stability, and response times compared to the P&O algorithm. The

GSS technique, in particular, ensures quick system responses, enhancing PVPS efficiency.

Experimental validation confirms the emulator’s ability to accurately replicate solar panel behav-

ior, providing a viable solution for sustainable water pumping in agriculture and irrigation.

Future work could focus on integrating advanced machine learning algorithms to further

optimize MPPT performance under diverse and unpredictable weather conditions. Addition-

ally, expanding the system to include hybrid energy sources, such as wind or battery storage,

could enhance reliability and efficiency. Field testing the emulator in real-world agricultural

settings would provide valuable insights and help refine the control strategies for broader

applications.
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