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Abstract. This paper presents the modeling and performance analysis of a standalone photovoltaic (PV) water pumping system using a Perturb and Observe (P&O) maximum power point tracking (MPPT) algorithm. The system model, developed in MATLAB/Simulink, integrates a PV array based on the single-diode model, a DC–DC buck converter, a P&O-based MPPT controller, and a permanent magnet DC (PMDC) motor-driven submersible pump. The study compares the performance of two configurations: (i) PV-pump with MPPT-P&O and (ii) direct-coupled PV-pump without MPPT, under dynamically varying irradiance profiles (1000 W/m2, 600 W/m2, and 800 W/m2). Simulation results show that the MPPT-P&O configuration significantly outperforms the direct connection, achieving 2.6–4.5 times higher PV output power and 2.4–3.5 times greater water flow rate across all irradiance levels. Furthermore, the MPPT-P&O system exhibits better adaptability to rapid irradiance fluctuations, ensuring more stable and efficient water delivery. These findings highlight the importance of MPPT implementation in enhancing the efficiency and reliability of PV-powered water pumping systems, especially in regions with variable solar availability.
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INTRODUCTION
The increasing demand for clean water in rural and off-grid regions has driven the development of sustainable pumping solutions. Photovoltaic (PV)-powered water pumping systems (PVWPS) have emerged as an attractive alternative to conventional grid-powered or diesel-driven pumps due to their environmental benefits, low operating costs, and suitability for remote areas with abundant solar resources [1]. These systems directly convert solar energy into mechanical energy for water lifting, thereby eliminating the need for fossil fuels and reducing greenhouse gas emissions.
A typical PVWPS consists of a PV array, power electronic converters, an electric motor, and a pump. Depending on the configuration, the system may be designed as DC-driven or AC-driven, with either single-stage or multi-stage power conversion [1], [2]. However, the output of a PV array is inherently intermittent and non-linear due to variations in solar irradiance and temperature, making it necessary to employ maximum power point tracking (MPPT) techniques to maximize the utilization of the harvested solar energy [3].
Solar PV-powered water pumping systems have been widely investigated over the past decade due to their potential to provide reliable and sustainable water access in areas with limited infrastructure [1], [2], [3]. Early implementations relied on directly connected PV pumps without any power conditioning stages [4], which, although simple and low-cost, suffered from poor efficiency under variable weather conditions. To overcome this limitation, MPPT techniques have been introduced to ensure that the PV array operates at its maximum power point (MPP), thereby improving overall system performance [5], [6].
Among various MPPT algorithms, Perturb and Observe (P&O) remains the most widely used due to its simplicity, ease of implementation, and low computational requirements [3], [7]. However, conventional P&O suffers from oscillations around the MPP and reduced efficiency during rapidly changing environmental conditions [8], [9]. To address these drawbacks, researchers have proposed enhanced approaches, such as hybrid methods combining P&O with optimization algorithms like Particle Swarm Optimization (PSO) [8], [10], Grey Wolf Optimization (GWO) [7], [11], and fuzzy logic controllers [7], [9], which have demonstrated improved tracking speed and reduced oscillations. Artificial neural network (ANN)-based MPPT has also been proposed to predict optimal operating points with higher accuracy under dynamic irradiance [12].
Furthermore, the choice of motor and pump technology significantly influences system efficiency and reliability [6], [13], [14]. Permanent magnet DC (PMDC) motors are often used in small-scale systems due to their high torque-to-weight ratio [4], [15], while brushless DC (BLDC) and induction motors are commonly employed for larger-scale agricultural and industrial pumping applications [6], [14], [16]. Recent advancements also include the integration of multilevel inverters [16] and direct torque control (DTC) strategies [10] to enhance energy conversion efficiency and water output.
At the system level, intelligent MPPT integration with energy management strategies has enabled more stable water delivery even under fluctuating solar availability [13], [17]. Economic analyses have further confirmed the viability of PV water pumping systems, showing competitive payback periods compared to diesel-based alternatives [18].
While numerous studies have explored advanced MPPT techniques for PV water pumping systems, many of these approaches involve complex control algorithms or high computational overhead, which may not be practical for rural applications with limited technical support. Conventional P&O remains attractive due to its low cost and ease of implementation but still requires improvements to address its performance under rapid irradiance changes.
In this work, a P&O-based MPPT controller is designed and evaluated entirely through simulation using MATLAB/Simulink. The proposed approach focuses on improving the dynamic and steady-state performance of the P&O method while maintaining a simple structure suitable for low-cost deployment. The MATLAB/Simulink model incorporates realistic PV array characteristics, motor–pump dynamics, and environmental variations to assess the effectiveness of the control strategy.
The main contributions of this study are as follows: 1) development of a detailed MATLAB/Simulink model of a standalone PV-powered DC submersible pump system, 2) implementation of a P&O-based MPPT controller optimized for varying irradiance and temperature conditions, and 3) comprehensive simulation-based performance evaluation in terms of tracking efficiency, water output, and system response under dynamic solar conditions.
Methodology
The proposed solar water pumping system operates based on the direct conversion of solar energy into mechanical energy to lift groundwater for storage and distribution. As illustrated in Fig. 1(a) and Fig. 1(b), the system consists of five main components arranged sequentially: a PV array, a MPPT controller using the P&O algorithm, a DC submersible water pump, a water storage tank, and a distribution system.
In the configuration diagram shown in Fig. 1(a), solar irradiance is captured by the PV array and converted into electrical energy. However, due to the non-linear I–V characteristics of the PV module, the system requires a tracking mechanism to ensure that the PV array operates at its MPP under varying irradiance and temperature conditions. Therefore, an MPPT controller is employed using the widely used P&O algorithm, which adjusts the operating voltage of the PV array to maximize power extraction.
The regulated power output from the MPPT controller, as implemented in the physical system shown in Fig. 1(b), drives the DC submersible pump, which lifts water from the underground source to the elevated water tank. The stored water in the tank is then made available for usage through the distribution system, enabling gravity-fed supply to end users.
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FIGURE 1. A solar-powered submersible DC water pump system: (a) configuration diagram; (b) physical implementation
This standalone system is particularly suitable for rural or off-grid areas with abundant solar resources, offering a sustainable solution for water access without reliance on fossil fuels or external electricity grids.
Photovoltaic Array Modeling
The PV array is modeled using the single-diode equivalent circuit model, as shown in Fig. 2, which represents the physical behavior of the solar cell with sufficient accuracy for system-level simulations. In this study, the shunt resistance Rsh is neglected due to its large value, making its effect on the overall model insignificant. The electrical parameters used in the simulation are listed in Table 1, which correspond to the Advance Power API-P250 module. These parameters are used to define the I–V and P–V characteristics in MATLAB/Simulink, allowing accurate representation of PV behavior under varying irradiance and temperature.
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FIGURE 2. Single-diode equivalent circuit model of a PV cell
The output current of the PV array, Ipv, is described by the equation:

		(1)
where, Vpv is the terminal voltage, I0 is the diode reverse saturation current, Rs is the series resistance (internal losses), Ns is the number of PV cells connected in series, Vt is the thermal voltage.
The thermal voltage Vt is a function of the junction temperature and is calculated as:

		(2)
where, n is the diode ideality factor (n = 1.2 for Monocrystalline silicon), k = 1.381 × 10-23 J/K is Boltzmann’s constant, q = 1.602 × 10-19 C is the electron charge, Tk is the PV cell temperature in Kelvin.
The PV model is implemented in MATLAB/Simulink with variable inputs for irradiance and temperature to reflect real-world conditions.





	TABLE 1. Parameters of PV array (Advance Power API-P250 Module)

	Symbol
	Value and unit
	Nomenclature

	Pmax
	250 W
	Maximum Power

	Ncell
	60
	Cells per module

	Voc
	37.2 V
	Open circuit voltage

	Isc
	8.52 A
	Short-circuit current

	Vmp
	31.2 V
	Voltage at maximum power

	Imp
	8.03 A
	Current at maximum power

	Nms
	4
	Number of series-connected modules


MPPT Controller Using Perturb and Observe Algorithm
To maximize the power extracted from the PV array under varying environmental conditions, a MPPT controller is implemented using the P&O algorithm. This algorithm is favored due to its simplicity, ease of implementation, and low computational requirement.
The principle of the P&O algorithm is to periodically perturb the operating voltage of the PV module and observe the corresponding change in output power. If the power increases, the algorithm continues in the same direction; otherwise, it reverses the direction of perturbation. This logic allows the system to iteratively converge to the MPP.
[bookmark: _Hlk205568298]Figure 3(a) illustrates the operating principle of the P&O algorithm on a typical PV power-voltage (Ppv-Vpv) curve. The five decision regions show how changes in power and voltage (ΔPpv, ΔVpv) determine whether to increase or decrease the duty cycle of the DC-DC converter. The MPP occurs when both ΔPpv = 0 and ΔVpv = 0.
The step-by-step logic of the algorithm is outlined in Fig. 3(b), which shows the control flowchart. The process begins by measuring the current voltage V(k) and current I(k) from the PV system, then calculating power as:

 		(3)
The changes in power and voltage from the previous step are calculated as:

		(4)

		(5)
Based on the sign of these values, the algorithm determines the next duty cycle adjustment D(k). After updating the duty cycle, the algorithm waits for a fixed interval (typically 100 ms) before repeating the process.
This technique enables the system to adapt dynamically to changes in irradiance and temperature, ensuring the PV array consistently operates near its maximum power point.
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FIGURE 3. (a) Operating regions of the P&O algorithm on the Ppv-Vpv curve and (b) flowchart of the P&O algorithm
Buck Converter Design
The DC–DC buck converter is designed to regulate the PV voltage and deliver optimal power to the DC pump motor. The design parameters, including switching frequency, inductor, and capacitor values, are presented in Table 2. These values are selected to ensure low voltage ripple and stable operation of the MPPT controller. The converter steps down the PV voltage according to a controllable duty cycle D, defined as:

		(6)
where Va is the armature voltage of the DC pump motor (which is directly connected to the buck converter output) and VMPP is the PV voltage at the MPP. Similar definitions have been adopted in PV-powered DC–DC converter design literature for MPPT systems [19].
In MPPT-controlled operation, the duty cycle varies continuously to track the PV maximum power point under changing irradiance and temperature conditions. However, for component sizing, the duty cycle at DMPP is used, as this operating point demands the highest input current and therefore represents the most critical design case [19].
To maintain acceptable current and voltage ripple, the passive components—namely the inductor L, input capacitor Cin, and output capacitor Cout—are determined as follows.
The inductor value is chosen to limit the inductor current ripple ΔIL to a desired percentage of the output current, according to:

		(7)
where fsw is the switching frequency. A lower ripple reduces output voltage fluctuations and eases the burden on the output capacitor, but requires a physically larger inductor [19].



The input capacitor is sized to attenuate the voltage ripple at the PV terminals ΔVpv, which helps prevent rapid PV voltage variations that can disturb the MPPT algorithm. The required minimum value is given by:

		(8)
where IMPP is the PV current at MPP. In practice, ΔVpv is often set to 1–2% of VMPP to ensure stable MPPT operation [19], [20].
The output capacitor is selected to limit the output voltage ripple ΔVout within acceptable limits for the load:

		(9)
A smaller ripple ΔVa percentage may be chosen for sensitive loads, while higher ripple may be tolerated for more robust applications such as pump motors [19].
It should be noted that these equations provide initial sizing values for ideal components. In practical implementation, additional factors such as capacitor ESR, temperature characteristics, and voltage derating must be taken into account. Typically, Cin is implemented as a combination of a bulk electrolytic capacitor for low-frequency energy buffering and multiple low-ESR ceramic capacitors to suppress high-frequency switching noise [20]. Likewise, Cout is often paralleled with ceramics to improve transient performance.
	TABLE 2. Parameters of buck converter 

	Symbol
	Value and unit
	Nomenclature

	fsw
	5 kHz
	Switching frequency

	L
	1 mH
	Inductor

	Cout
	330 uF
	Output capacitor

	Cin
	4700 uF
	Input capacitor


Modeling of PMDC Motor–Driven Submersible Pump
A permanent magnet direct current (PMDC) motor is selected due to its simple construction, high efficiency, and ease of control for solar-powered water pumping applications. The equivalent circuit of the PMDC motor is shown in Fig. 3, where the motor drives a submersible pump as the hydraulic load.
[image: ]
FIGURE 3. Equivalent circuit of PMDC motor

The electrical dynamics of the PMDC motor are expressed as [21], [22], [23]:

		(10)
where Va(t) is the armature voltage (V), ia(t) is the armature current (A), Ra is the armature resistance (Ω), La is the armature inductance (H), and eb(t) is the back-electromotive force (V), which is given by:

		(11)
with Ke being the back-emf constant (V·s/rad) and ω(t) the rotor angular speed (rad/s).






The mechanical dynamics of the motor, considering the load torque from the centrifugal pump and rotational losses, can be modeled as [23]:

		(12)
where J is the moment of inertia (kg·m2), Tm(t) = Kt⋅ia(t) is the motor-generated torque (N·m), TL(t) is the load torque from the pump (N·m), Bm is the viscous friction coefficient (N·m·s/rad), and Tf is the Coulomb friction torque (N·m).
Hydraulic Load Torque from a Centrifugal Pump
At any operating point, the hydraulic power delivered by the pump is

		(13)
and the mechanical load torque applied to the motor shaft is

		(14)
where ρ is fluid density, g gravity, Q volumetric flow rate, Hpump total dynamic head generated by the pump, ηpump pump hydraulic-to-shaft efficiency (used for calibration), ω shaft speed, and ε≪1 avoids division by zero near startup. Eq. (14) supplies the Mechanical load torque input of the PMDC block; viscous Bmω and Coulomb Tf losses remain in the motor model (12).
Pump Characteristic at Rated Speed and Speed Scaling
From the rated curve data {(Qi, Hi)} supplied by the manufacturer, we build a smooth algebraic approximation at the rated speed ω0 via least-squares polynomial fitting (quadratic is typically sufficient over the admissible flow range):

	,    Q in m3/s	(15)
Coefficients (a0, a1, a2) are obtained with MATLAB’s polyfit – Polynomial curve fitting.
To account for off-rated speed, affinity laws give the speed dependence (for geometrically similar operation):




	,   ,   ,   	(16)
Combining (15)-(16), the head developed at speed ω can be written directly as

		(17)

The classical affinity relations and their use in variable-speed performance prediction are well established and remain standard practice.
System Head Curve (Static + Losses)
The installation dictates the system curve as the sum of static and frictional heads:

		(18)
Using Darcy–Weisbach for fully developed pipe flow and lumped minor-loss coefficients for fittings/valves, each of the lossy terms scales with Q2. Expressing everything in terms of Q yields


	,   	(19)
where f is the Darcy friction factor (function of Reynolds number and relative roughness), L pipe length, D diameter, and Ktot the sum of minor-loss coefficients. When needed, f can be computed explicitly via modern Colebrook surrogates such as the Swamee–Jain relation.
Cavitation constraint. The operating point must satisfy NPSHA≥NPSHR to avoid cavitation; this can be checked from suction conditions and catalog data and, if violated, enforced by limiting Q.
Operating Point Solution (Flow Rate)
At each simulation step, the quasi-steady pump operating condition is the intersection of (17) and (19):

		(20)
With (17)–(19), this is a scalar quadratic in Q,

		(21)
whose nonnegative real root gives Q(ω). If both roots are nonphysical (negative or complex), we clamp Q = 0 (shut-off). A Newton step seeded by the previous Q further improves robustness when the head curve is highly nonquadratic. The “pump curve ∩ system curve = operating point” construction is standard in pump engineering practice.
The PMDC motor and submersible pump parameters used in the simulation are summarized in Table 3. These include electrical constants, mechanical properties, and hydraulic characteristics, which are essential for accurately simulating the electromechanical and hydraulic performance of the water pumping system.
	TABLE 3. Parameters of PMDC motor–driven submersible pump 

	Symbol
	Value and unit
	Nomenclature

	Va
	60 V
	Armature voltage (rated)

	Ia, ia
	16.5 A
	Armature current (rated)

	ω
	272.3 rad/s
	Shaft speed (rated)

	Ra
	0.8 Ω
	Armature resistance

	La
	0.02 H
	Armature self inductance

	Ke
	0.01833 V/rpm
	Back-emf constant

	J
	0.024 kg·m2
	Moment of inertia

	Tf
	0.08 N·m
	Coulomb friction torque

	Bm
	0.001 N·m·s
	Viscous friction coefficient

	Hs
	10 m
	Static head

	D
	0.0254 m
	Pipe inner diameter

	L
	15 m
	Pipe length

	f
	0.02
	Darcy friction factor (Smooth PVC)

	ηp
	0.7
	Pump efficiency

	H0r
	50 m
	Pump shut-off head @ ωr

	Qr
	0.000957 m3/s
	Reference flow

	ρ
	1000 kg/m3
	Water density

	g
	9.81 m/s2
	Gravity

	a0
	79.0741 m
	Pump curve coefficients

	a1
	-5.2889×104 m/(m3/s)
	Pump curve coefficients

	a2
	9.93×10-8 m/(m3/s)2
	Pump curve coefficients


RESULTS AND DISCUSSION
 The performance evaluation of the proposed PV water pumping system was carried out entirely through simulation using MATLAB/Simulink. The developed model incorporates a PV array based on the single-diode equivalent circuit, a DC–DC buck converter, a P&O-based MPPT controller, and a PMDC motor-driven submersible pump. Environmental variations were emulated by dynamically changing the solar irradiance profile during the simulation to assess the system’s response under realistic operating conditions. Two configurations were compared: (i) a PV-pump system equipped with MPPT using the P&O algorithm, and (ii) a direct-coupled PV-pump system without MPPT. The comparison focuses on the PV output power and the resulting water flow rate, aiming to highlight the impact of MPPT on system performance under varying irradiance levels.
Figure 4(a) shows the solar irradiance profile applied during the simulation. Initially (0–15 s), the irradiance is maintained at 1000 W/m2. At 15 s, the irradiance drops rapidly to 600 W/m2 at 16 s and remains constant until 30 s. Subsequently, it increases to 800 W/m2 at 31 s and is held constant until the end of the simulation. This profile simulates typical environmental variations such as passing cloud cover.
Figure 4(b) presents the PV output power for both configurations. At 1000 W/m2, the MPPT-P&O system achieves an average PV power of 991.7 W, while the direct-coupled system produces only 301.3 W. When the irradiance drops to 600 W/m2, the MPPT system maintains an average of 587.4 W compared to only 131.4 W for the direct-coupled system. At 800 W/m2, the MPPT configuration outputs 792.1 W, significantly higher than the 205.7 W achieved by the direct connection. These results clearly indicate that the MPPT controller enables the PV array to operate much closer to its maximum power point under all irradiance levels.
Figure 4(c) shows the water flow rate for both configurations. At the highest irradiance (1000 W/m2), the MPPT system delivers 4309 L/h, more than double the 1946 L/h of the direct system. When the irradiance decreases to 600 W/m2, the MPPT configuration sustains 3142 L/h, compared to just 909.5 L/h for the direct connection. At 800 W/m2, the MPPT system achieves 3790 L/h, again well above the 1402 L/h of the non-MPPT system.
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FIGURE 4. PV-pump performance with and without MPPT-P&O under varying irradiance
The summary of these results is provided in Table 4, which highlights the significant performance gap between the two configurations across all irradiance conditions. Overall, the P&O-based MPPT increases PV power output by approximately 2.6–4.5 times and water flow rate by about 2.4–3.5 times compared to the direct-coupled system. Furthermore, the MPPT system demonstrates strong adaptability to rapid irradiance fluctuations, ensuring stable and efficient water delivery under variable weather conditions.



	TABLE 4. Average PV power and flow rate under different irradiance levels 

	Time (s)
	Iradiance (W/m2)
	Configuration
	PV Power (W)
	Flow Rate (L/h)

	0-15
	1000
	Direct
	301.3
	1946

	
	
	MPPT-P&O
	991.7
	4309

	16-30
	600
	Direct
	131.4
	909.5

	
	
	MPPT-P&O
	587.4
	3142

	31-45
	800
	Direct
	205.7
	1402

	
	
	MPPT-P&O
	792.1
	3790



CONCLUSION
This study has presented the modeling and performance evaluation of a photovoltaic (PV) water pumping system equipped with a Perturb and Observe (P&O) maximum power point tracking (MPPT) algorithm, compared to a direct-coupled PV-pump configuration without MPPT. The simulation, conducted in MATLAB/Simulink under varying irradiance conditions, demonstrates that the MPPT-P&O system consistently delivers significantly higher PV output power and water flow rate than the direct connection.
The MPPT-P&O configuration increased PV power output by approximately 2.6–4.5 times and water flow rate by about 2.4–3.5 times compared to the non-MPPT system across all irradiance levels tested. Furthermore, the MPPT system exhibited strong adaptability to rapid irradiance fluctuations, ensuring more stable water delivery under dynamic weather conditions. These results confirm that implementing MPPT is essential for improving the efficiency and reliability of standalone PV water pumping systems, particularly in environments with frequent solar variability.
Future work may focus on experimental validation of the proposed system and exploring hybrid MPPT strategies to further enhance performance under partial shading or highly intermittent solar conditions.
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