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This study presents an experimental assessment of the influence of photovoltaic (PV) array
voltage configuration on the performance of a 2.2 kW brushless DC (BLDC) solar water
pumping system operating under real Saharan climatic conditions in Ghardaia, Algeria.
Two PV array topologies, 8S x 1P (245.6 V) and 4S x 2P (122.8 V), were evaluated at
three total manometric heads (1 m, 15 m, and 25 m) using a commercial Jntech inverter
featuring a maximum power point tracking (MPPT) operating window of 200-400 V. The
8S x 1P configuration consistently maintained the PV voltage above the 200 V threshold,
enabling uninterrupted MPPT functionality and achieving system efficiencies of 39-45%
along with daily water yields of 30-60 m®. Conversely, the 4S x 2P configuration operated
mainly below 200 V (110-135 V), which disabled the MPPT algorithm and forced
operation in a fixed-duty-cycle bypass mode, resulting in markedly reduced system
efficiencies (8—14%) and water production losses of 60—85%. These findings demonstrate
that PV array voltage adequacy rather than array power rating alone is the key determinant
of reliable and efficient solar pumping system performance. The results provide practical
design guidance for off-grid pumping applications in arid and high-irradiance

environments.

1. INTRODUCTION

Due to rapid population growth and the escalating impacts
of climate change, conventional energy resources are being
depleted at an accelerating rate. This trend has driven a global
transition toward renewable energy technologies [1]. Among
these, photovoltaic (PV) systems constitute a key component
of sustainable energy solutions and are widely deployed in
both grid-connected and stand-alone configurations [2].
Through the photovoltaic effect, PV systems convert incident
solar radiation directly into direct current (DC) electricity.
However, their performance is highly sensitive to
environmental factors—particularly temperature, solar
irradiance, and cloud cover—which can significantly
influence power output [3]. To enable consistent
benchmarking, PV module performance is typically evaluated
under Standard Test Conditions (STC), defined as an
irradiance of 1000 W/m?, a cell temperature of 25°C, and an
air mass of 1.5.

Individual PV cells may be interconnected in series or
parallel to meet specific voltage and current requirements.
Series configurations increase the output voltage, whereas
parallel configurations enhance the current capacity. A
maximum power point tracking (MPPT) controller is then
employed to dynamically adjust the electrical load, thereby
maximizing energy extraction under varying climatic
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conditions [4]. This ensures that the array operates at its
optimal voltage point. At the device level, a typical PV cell is
represented electrically by an equivalent circuit comprising a
current source (modeling the generated photocurrent), a diode
(representing the p—n junction), a series resistance (accounting
for internal ohmic losses), and a shunt resistance (representing
leakage currents) [5]. The external load is connected across the
cell terminals, and the system’s operating point is determined
by the intersection of the load’s I-V characteristic with the I—
V curve of the PV cell.

Owing to their high efficiency, low maintenance
requirements, operational simplicity, and compact form factor,
brushless DC (BLDC) motors used in solar photovoltaic
(SPV) water pumping systems have attracted substantial
scientific and industrial attention [6, 7]. However, the
intermittent nature of solar irradiance poses a fundamental
challenge: water pumping is often disrupted due to the
variability and unpredictability of power generation in SPV
systems. System operation may cease entirely during adverse
weather conditions, periods of low irradiance, nighttime, or
extended cloud cover. Moreover, when water demand is low
or nonexistent, the solar panels and associated components
remain underutilized, resulting in suboptimal use of installed
resources. To maintain a continuous water supply under such
circumstances, auxiliary power sources become necessary.
Historically, diesel generators have served as the primary
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backup solution, particularly in rural and off-grid regions [8].

Nevertheless, diesel-based backup systems are increasingly
regarded as undesirable due to mounting environmental
concerns and the global imperative to reduce greenhouse gas
emissions. In remote regions, dependence on fossil fuels also
introduces substantial energy security and logistical
challenges, including the transportation and storage of fuel. As
a result, battery energy storage has emerged as a viable
alternative for ensuring uninterrupted operation of SPV water
pumping systems. A hybrid configuration that integrates low-
voltage SPV arrays with battery storage can provide reliable
and dispatchable power, thereby improving system
dependability and enabling consistent water delivery
regardless of solar availability [9].

As global electricity demand continues to rise, energy
efficiency has become a critical priority across all sectors.
Within this context, BLDC motors offer notable advantages
over conventional induction (asynchronous) motors, including
higher efficiency, greater power density, improved power
factor, and a superior torque-to-inertia ratio [10]. These
performance characteristics have facilitated the widespread
adoption of BLDC motors in high-performance applications,
particularly in solar-powered water pumping systems. Recent
studies emphasize the need for cost-effective, robust, and
simplified BLDC motor drive architectures that are
specifically designed for hybrid, low-voltage SPV-based
pumping installations.

To maximize energy extraction from low-voltage SPV
arrays, advanced DC-DC power converters are utilized. The
Zeta converter, for example, has proven effective in enhancing
usable power under fluctuating irradiance conditions [11].
Likewise, positive-output cascade Luo converters—such as
the I-Luo topology—offer high voltage gain with low
switching losses, making them well-suited for SPV
applications that require elevated DC bus voltages [12].
MATLAB/Simulink simulations have demonstrated that both
converter  topologies substantially improve system
performance during steady-state operation as well as under
transient pumping conditions [13].

When integrated with a properly engineered power
conditioning unit, BLDC motors enable effective MPPT and
significantly enhance the overall reliability and efficiency of
the pumping system [14]. The synergistic combination of
advanced solar technologies, high-efficiency pumps and
motors, and intelligent optimization algorithms is expected to
provide researchers and engineers with robust tools for the
design, control, and performance optimization of next-
generation solar-powered water pumping systems [15].

A variety of drive systems can be employed to operate water
pumps, with DC motors, alternating current (AC) motors, and
BLDC motors representing the most widely adopted
configurations [16]. Among these options, BLDC motors have
garnered substantial attention due to their superior
performance relative to conventional brushed DC and AC
induction motors [17]. Their high efficiency, strong starting
torque, reduced maintenance requirements (stemming from
the absence of brushes), and compact design make them
particularly suitable for small-scale pumping units up to 5.0
kW. Consequently, BLDC motors have become increasingly
prevalent in PV array—driven water pumping systems [18].

One effective strategy for mitigating the torque ripple
associated with switching in BLDC drives is the use of a
simple pulse-width modulation (PWM) current control
technique known as deceleration current control, which is
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straightforward to implement and effective in smoothing the
motor response [19]. More advanced control strategies,
including field-oriented control (FOC) and sensorless
commutation, have also been investigated to further enhance
performance in solar water pumping applications [20].

However, because PV cells generate electricity only in the
presence of solar irradiance, standalone PV systems require an
auxiliary energy storage mechanism to ensure continuous
power availability during nighttime or under adverse weather
conditions [21]. Among the various energy storage
technologies—such as supercapacitors, flywheels, and
hydrogen-based systems—electrochemical batteries remain
the most widely adopted in off-grid solar PV installations due
to their technological maturity, scalability, and cost-
effectiveness [22]. Lead—acid batteries, in particular, continue
to dominate in developing regions and rural applications
because of their low cost, broad availability, and compatibility
with low-voltage PV architectures [23], although lithium-ion
batteries are increasingly gaining traction owing to their higher
energy density and longer cycle life [24].

To maximize energy extraction from the PV array under
varying irradiance and temperature conditions, MPPT
algorithms are indispensable. Conventional approaches such
as Perturb and Observe (P&O) and Incremental Conductance
(IncCond) remain widely adopted due to their simplicity and
ease of implementation [25]. However, these techniques often
exhibit oscillatory behavior around the maximum power point
(MPP) and respond sluggishly to rapid changes in
environmental conditions. In contrast, intelligent MPPT
methods—including fuzzy logic control [26], neural networks
[27], and other adaptive algorithms—have demonstrated
superior tracking precision, faster convergence, and enhanced
robustness in solar water pumping applications [28].

Despite the extensive research on BLDC-driven solar
pumping systems, few studies have experimentally
investigated the critical influence of DC-link voltage levels—
relative to inverter input specifications—on overall system
efficiency under real-field, off-grid conditions. This gap is
particularly pronounced in arid and high-irradiance regions
where optimal sizing of PV arrays remains a practical
challenge. To address this, the present study experimentally
evaluates a 2.2kW three-phase BLDC motor-based
photovoltaic water pumping system powered by a 240 Wp
polycrystalline array under actual Saharan climatic conditions
in Ghardaia, Algeria, across varying pumping depths. The
results demonstrate that peak system efficiency is achieved
when the inverter’s DC input voltage operates near its upper
permissible limit—a finding with direct implications for PV
module selection and system design. By translating empirical
observations into actionable engineering guidelines, this work
contributes to the development of more efficient, reliable, and
cost-effective solar water pumping solutions for remote and
resource-constrained communities.

Due to rapid population growth and the escalating impacts
of climate change, conventional energy resources are being
depleted at an accelerating rate. This trend has driven a global
transition toward renewable energy technologies [1]. Among
these, PV systems constitute a key component of sustainable
energy solutions and are widely deployed in both grid-
connected and stand-alone configurations [2]. Through the
photovoltaic effect, PV systems convert incident solar
radiation directly into DC electricity. However, their
performance is highly sensitive to environmental factors—
particularly temperature, solar irradiance, and cloud cover—



which can significantly influence power output [3]. To enable
consistent benchmarking, PV module performance is typically
evaluated under STC, defined as an irradiance of 1000 W/m?,
a cell temperature of 25°C, and an air mass of 1.5.

Individual PV cells may be interconnected in series or
parallel to meet specific voltage and current requirements.
Series configurations increase the output voltage, whereas
parallel configurations enhance the current capacity. A MPPT
controller is then employed to dynamically adjust the electrical
load, thereby maximizing energy extraction under varying
climatic conditions [4]. This ensures that the array operates at
its optimal voltage point. At the device level, a typical PV cell
is represented electrically by an equivalent circuit comprising
a current source (modeling the generated photocurrent), a
diode (representing the p—n junction), a series resistance
(accounting for internal ohmic losses), and a shunt resistance
(representing leakage currents) [5]. The external load is
connected across the cell terminals, and the system’s operating
point is determined by the intersection of the load’s 1-V
characteristic with the I-V curve of the PV cell.

Owing to their high efficiency, low maintenance
requirements, operational simplicity, and compact form factor,
BLDC motors used in solar photovoltaic (SPV) water
pumping systems have attracted substantial scientific and
industrial attention [6, 7]. However, the intermittent nature of
solar irradiance poses a fundamental challenge: water
pumping is often disrupted due to the variability and
unpredictability of power generation in SPV systems. System
operation may cease entirely during adverse weather
conditions, periods of low irradiance, nighttime, or extended
cloud cover. Moreover, when water demand is low or
nonexistent, the solar panels and associated components
remain underutilized, resulting in suboptimal use of installed
resources. To maintain a continuous water supply under such
circumstances, auxiliary power sources become necessary.
Historically, diesel generators have served as the primary
backup solution, particularly in rural and off-grid regions [8].

Nevertheless, diesel-based backup systems are increasingly
regarded as undesirable due to mounting environmental
concerns and the global imperative to reduce greenhouse gas
emissions. In remote regions, dependence on fossil fuels also
introduces substantial energy security and logistical
challenges, including the transportation and storage of fuel. As
a result, battery energy storage has emerged as a viable
alternative for ensuring uninterrupted operation of SPV water
pumping systems. A hybrid configuration that integrates low-
voltage SPV arrays with battery storage can provide reliable
and dispatchable power, thereby improving system
dependability and enabling consistent water delivery
regardless of solar availability [9].

As global electricity demand continues to rise, energy
efficiency has become a critical priority across all sectors.
Within this context, brushless DC (BLDC) motors offer
notable  advantages  over  conventional  induction
(asynchronous) motors, including higher efficiency, greater
power density, improved power factor, and a superior torque-
to-inertia ratio [10]. These performance characteristics have
facilitated the widespread adoption of BLDC motors in high-
performance applications, particularly in solar-powered water
pumping systems. Recent studies emphasize the need for cost-
effective, robust, and simplified BLDC motor drive
architectures that are specifically designed for hybrid, low-
voltage SPV-based pumping installations.

To maximize energy extraction from low-voltage SPV
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arrays, advanced DC-DC power converters are utilized. The
Zeta converter, for example, has proven effective in enhancing
usable power under fluctuating irradiance conditions [11].
Likewise, positive-output cascade Luo converters—such as
the I-Luo topology—offer high voltage gain with low
switching losses, making them well-suited for SPV
applications that require elevated DC bus voltages [12].
MATLAB/Simulink simulations have demonstrated that both
converter topologies substantially improve  system
performance during steady-state operation as well as under
transient pumping conditions [13].

When integrated with a properly engineered power
conditioning unit, BLDC motors enable effective MPPT and
significantly enhance the overall reliability and efficiency of
the pumping system [14]. The synergistic combination of
advanced solar technologies, high-efficiency pumps and
motors, and intelligent optimization algorithms is expected to
provide researchers and engineers with robust tools for the
design, control, and performance optimization of next-
generation solar-powered water pumping systems [15].

A variety of drive systems can be employed to operate water
pumps, with DC motors, AC motors, and BLDC motors
representing the most widely adopted configurations [16].
Among these options, BLDC motors have garnered substantial
attention due to their superior performance relative to
conventional brushed DC and AC induction motors [17]. Their
high efficiency, strong starting torque, reduced maintenance
requirements (stemming from the absence of brushes), and
compact design make them particularly suitable for small-
scale pumping units up to 5.0 kW. Consequently, BLDC
motors have become increasingly prevalent in PV array—
driven water pumping systems [18].

One effective strategy for mitigating the torque ripple
associated with switching in BLDC drives is the use of a
simple pulse-width modulation (PWM) current control
technique known as deceleration current control, which is
straightforward to implement and effective in smoothing the
motor response [19]. More advanced control strategies,
including field-oriented control (FOC) and sensorless
commutation, have also been investigated to further enhance
performance in solar water pumping applications [20].

However, because PV cells generate electricity only in the
presence of solar irradiance, standalone PV systems require an
auxiliary energy storage mechanism to ensure continuous
power availability during nighttime or under adverse weather
conditions [21]. Among the various energy storage
technologies—such as supercapacitors, flywheels, and
hydrogen-based systems—electrochemical batteries remain
the most widely adopted in off-grid solar PV installations due
to their technological maturity, scalability, and cost-
effectiveness [22]. Lead—acid batteries, in particular, continue
to dominate in developing regions and rural applications
because of their low cost, broad availability, and compatibility
with low-voltage PV architectures [23], although lithium-ion
batteries are increasingly gaining traction owing to their higher
energy density and longer cycle life [24].

To maximize energy extraction from the PV array under
varying irradiance and temperature conditions, MPPT
algorithms are indispensable. Conventional approaches such
as Perturb and Observe (P&O) and Incremental Conductance
(IncCond) remain widely adopted due to their simplicity and
ease of implementation [25]. However, these techniques often
exhibit oscillatory behavior around the maximum power point
(MPP) and respond sluggishly to rapid changes in



environmental conditions. In contrast, intelligent MPPT
methods—including fuzzy logic control [26], neural networks
[27], and other adaptive algorithms—have demonstrated
superior tracking precision, faster convergence, and enhanced
robustness in solar water pumping applications [28].

Despite the extensive research on BLDC-driven solar
pumping systems, few studies have experimentally
investigated the critical influence of DC-link voltage levels—
relative to inverter input specifications—on overall system
efficiency under real-field, off-grid conditions. This gap is
particularly pronounced in arid and high-irradiance regions
where optimal sizing of PV arrays remains a practical
challenge. To address this, the present study experimentally
evaluates a 2.2 kW three-phase BLDC motor-based
photovoltaic water pumping system powered by a 240 Wp
polycrystalline array under actual Saharan climatic conditions
in Ghardaia, Algeria, across varying pumping depths. The
results demonstrate that peak system efficiency is achieved
when the inverter’s DC input voltage operates near its upper
permissible limit—a finding with direct implications for PV
module selection and system design. By translating empirical
observations into actionable engineering guidelines, this work
contributes to the development of more efficient, reliable, and
cost-effective solar water pumping solutions for remote and

resource-constrained communities.

2. METHODOLOGY

The main objective of this study is to evaluate the
performance of two solar-powered water pumping systems
(4S2P and 8S1P) and to investigate their behaviors under
challenging semi-arid conditions. To this end, a critical
analysis is conducted based on daily performance parameters,
such as daily flow rate, power consumption, and system
efficiency under various weather conditions.

2.1 Description of the studied area

Ghardaia is a Saharan city. Its climate is hot semi-arid, with
average summer temperatures between 25 and 4°C and
relatively mild winters ranging from 6 to 18°C. According to
the World Solar Atlas (SOLARGIS), the average annual
global horizontal irradiance (GHI) covering the period 1994-
2018 reached approximately 5.82 kWh/m?day and a
maximum of approximately 7.45 kWh/m*day, while the
sunshine duration exceeds 3,200 hours per year.

Figure 1. Satellite image of the study area

PV solar pumping systems represent a promising
application of PV energy. The city of Ghardaia offers
particularly favorable conditions for the development and
testing of this type of technology.

In this context, a 2 kWp system was installed in a
demonstration platform dedicated to agricultural renewable
energies (located at 3.78° East longitude and 32.38° North
latitude). Located within the Ghardaia Renewable Energy
Research Unit (URAER, CDER), this system supplies the
electricity for URAER PV pumping test bench in a semi-arid
climate, while allowing the evaluation of its performance
based on the data collected (Figure 1).
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2.2 Experimental system details

The PV generator covers an area of approximately 13 m?,
consists of eight 250 Wp modules (model: CEM-250P-60). All
the PV panels are oriented and inclined at 32° to the south. The
DC generated by the PV field is converted into AC using off-
grid solar inverter from Jntech (Figure 2). The electrical
characteristics of PV generator and the inverter are presented
in Table 1.

The overall energy conversion efficiency of a solar water
pumping system is defined as the ratio of hydraulic power
output to electrical power input from the PV array:
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0 the pump outlet (Figure 2). The desired pressure setpoints (1
sys —

(1 m, 15 m, and 25 m) were verified in real time using an
integrated pressure display. Once the required pressure level
(the corresponding total dynamic head) was confirmed, the
valve was mechanically locked to prevent any unintentional
variation during data acquisition. This method ensured a stable
and reproducible hydraulic head throughout the testing period.
A complete, autonomous monitoring system, equipped with
various sensors, was implemented (Figure 3). It allows for the
real-time  acquisition of meteorological parameters
(ambient/cell temperature and solar radiation) as well as
electrical parameters (IPV, PPV, VPV, HMT, water flow rate).
This data is essential for analyzing the system's behavior.

Poump Poump

p = density of water = 1000 kg/m?>.

g = gravitational acceleration = 9.81 m/s?.

Q = water flow rate in m?%/s.

H = total manometric head (HMT) in meters.
Ppump = Vpy * Ipy.

2.3 Testing procedure

The TDH was regulated by a manual gate valve installed at

Table 1. Detailed experimental setup and instrumentation

Category Component Model / Specification Key Parameters Accuracy / Notes
Module Type Condor Polycrystalline 250 Wp per module STC: 1000 W/m?, 25°C, AM1.5
8SX1P: Pmp =245.6 'V,
PV Array Quantity & Imp=8.15 A .
Config. 8 modules total 4S%2P: Vmp = 122.8 V, Total array power: 2000 W
Imp=163 A
Inverter / MPPT | Intech 4JDSS11-120-300- R.a ted power:. 2.2kW Low-voltage protection activates
Controller Mode 2200-A/D DC input range: 80-420 V below 200 V
MPPT window: 200400 V
Max. flow: 11 m*/h, Performance curve provided in
BLDC Pump Model 4JDSS11-120-300-2200-A/D Max. head: 120 m, Fiour Alp
Rated power: 2.2 kW gure Al
3 Range: 1-500 A, +0.1% accuracy, 15 ppm/°C
Current SHUNT-EMB2 Output: 50/100 mV thermal stability
Voltage Agilent 34970A (direct Input impedance: >10 MQ +0.1% of reading
measurement)
Sensors Flow rate Inline glectromagn etie Range: 0-15 m*h +2% of reading
owmeter
Pressure Digital pressure transducer Range: 0-600 kPa +1% full scale
Irradiance Solar cell-based pyranometer Range: 0-1200 W/m? +5% uncertainty
PV Temperature PT100 RTD Range: —50°C to +100°C +0.5°C
Channels: 8 analog inputs . .
Data . . ) i Synchronized real-time clock;
Acquisition System Agilent 34970A Sampling frequency: 0.1 Hz data logged to PC

(1 sample / 15 s)

Temperature & Irradiation sensors

Jentech inverter Experimental platform

Display cabinet

P

PV Generator

PV + Pump

Figure 2. The architecture of the proposed PV pumping system

and cell temperatures, and an Agilent 34970A data logger.
Meteorological and electrical data are automatically collected
every 15 seconds and transferred to a computer via an RS-232
communication link for recording and analysis.

The data acquisition system includes a pyranometer (solar
sensor) installed on the same inclined plane as the PV
generator to measure global horizontal solar radiation during
the day, two Pt100 temperature sensors for measuring ambient
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Temperature sensor Irradiation sensor

Computer

Data loger
Agilent 34970A

Aequisition
interface

Figure 3. Sensors and data collection instruments

3. RESULTS AND DISCUSSION

The experimental evaluation was conducted using a Jntech
2200 W solar pump (specifications provided in Table Al and
Figure A1). Data were collected on multiple days representing
naturally varying environmental conditions, allowing
assessment of system performance under realistic fluctuations
in solar irradiance and PV electrical output.

3.1 PV generators characteristics

Figures 4-7 illustrate the current—voltage and power—
voltage characteristics of the two PV generator configurations

1000 Wim?*

9r — 500 Wim® [

600 Wim?

200 Wim?

400 Wim?  []

described in Table 1. The influence of environmental
conditions on electrical performance is clearly evident.
Increasing solar irradiance results in higher short-circuit
current and enhancement of the maximum power point,
reflecting the additional photon flux available for energy
conversion. Conversely, elevated cell temperature causes a
reduction in open-circuit voltage due to the negative
temperature coefficient of the PV modules, which
consequently lowers the achievable output power. These
trends emphasize the combined sensitivity of PV performance
to irradiance and temperature variations under real operating
conditions.

T
1000 W/m?*
800 Wim?*
2000 00 Wim?
400 W/m?*
200 W/m?*
MPP

500 |-

1] 30 100 150 200 250 300

vV _PV()

Figure 4. Effect of irradiance variation on the I-V and P-V characteristics for the 8S x 1P
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40°C
ss°c ||
70°C
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2000 -

o 50 100 150 200 250 300 350

V_PV (V)

Figure 5. Effect of temperature variation on I-V and P-V characteristics for the 8S x 1P
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Figure 6. Effect of irradiance variation on the I-V and P-V characteristics for the 4S x 2P
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Figure 7. Effect of temperature variation on I-V and P-V characteristics for the 4S x 2P

3.2 Experimental results

Figure 8 shows the daily variation of the voltage for the two
configurations (8S1P and 4S2P) as a function of the cell
temperature at H =25 m.

As shown in the figure, when the temperature of the PV
cells rises above 50°C, the operating voltage of the PV
generator decreases for the two configurations.

—VPV(4x2) =——VPV (8x1) =——Tecell

40T
- 30 &

8. Doyl dg ly L Ao Ao Ay dy lg ly ls s be 45 4

3, gJ,J 0. ajz,/?e/eyxlj 7.y VJJ‘ J‘rrrj) )3

a/ga d’OQoJ J‘?) ﬁol 2 ,,d’ )
gy 0y Sy gy g Ly 0 sy s 1y

Figure 8. Daily variation of the voltage as a function of the
cell temperature

In the 4S2P configuration, the nominal open-circuit string
voltage is approximately 122.8 V, which lies below the lower
MPPT operating threshold of 200 V. Under such conditions
(VPV < 200 V), the controller automatically disables the
MPPT algorithm and transitions into a protective fixed-duty
bypass mode (=~20%). In this state, the boost converter is
unable to dynamically adjust its duty cycle to seek the true
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maximum power point. Consequently, the system ceases to
benefit from increased solar input, leading to persistent
underutilization of the PV array’s power potential.

By contrast, the 8S1P configuration provides a nominal
operating voltage of approximately 245.6 V, which lies
comfortably within the required 200—400 V MPPT activation
window. This allows the converter to operate continuously and
reliably, enabling the converter to draw current close to the
module’s maximum power point current (Imp) and thereby
extract significantly more power throughout the day.

Figure 9 shows the daily variation of the PV generator
current for the two configurations (8S1P and 4S2P) as a
function of the solar irradiation at H =25 m.

—IPV(dx2) —IPV (§xl) —G

r 1000
- 900
- 800
- 700
F 600
F 500
400
I 300
200
100

G[W/m2]

30oljlléégjlqlql_y/y/g/oﬂ/)
o 28 0.0 D5y g g 90,
oy vyxnga ;330@00530/3007330

Figure 9. Daily variation of the PV generator current as a
function of the solar irradiation

The figure illustrates a clear divergence in PV current
behavior between the two array configurations. In the 8S1P



arrangement, the current profile closely follows the diurnal
irradiance trend, with IPV rising to approximately 7.8 A near
solar noon very close to the theoretical maximum power point
current (Imp = 8.15 A). This smooth and symmetric curve
confirms that the array is operating near its MPP under most
conditions, demonstrating stable and efficient energy
extraction facilitated by continuous MPPT engagement.

Conversely, the 4S2P configuration exhibits a nearly
constant current of around 2.5 A throughout the day, with
negligible response to the increase in irradiance. This flat
behavior indicates persistent operation far below the array’s
potential, directly resulting from the inadequate nominal string
voltage (122.8 V), which prevents the MPPT controller from
dynamically tracking the MPP.

Figure 10 shows the daily variation of the consumed pump
power for the two configurations at H = 25 m. A similar
performance gap is evident in the pump power outcomes. For
the 8S1P configuration, Poump increases from approximately
700 W during the morning to a midday peak of 1.8 kW,
reflecting the system’s ability to draw higher current at
sufficient operating voltage (220-270 V). In contrast, the 4S2P
configuration remains voltage-limited and, consequently,
power-limited, with Pump consistently restricted to 300 W over
the entire operating period. A brief spike observed near 17:30
appears anomalous and does not indicate any meaningful
improvement in performance. Together, these results confirm
that the 4S2P configuration operates far below its hydraulic
and electrical capability due solely to its inability to sustain
MPPT functionality.

——Ppump (4x2) ——Ppump (8x1) ——Tcell

Teell[?]

By 9,9, 0y byt 4y b do ly dp tg Ly Uy L ds dg 05 7
P 20, 92,70, 0,70, 00, R, 0 {2ty g A s g d5 0 D
(RN TR R OBy Oy Ny Gy Gy Gy 3y,
Oy e ey ey ey Y Y Yy

Figure 10. Daily variation of the consumed pump power

Figure 11 shows the daily variation of the flow rate for the
two configurations at H =25 m.

For the 8S1P configuration, the measured flow rate initiates
at approximately 3.1 m*-h™" in the early morning and increases
steadily to a peak of around 7.8 m*-h'. Thereafter, it gradually
declines with decreasing solar availability, reaching values
below 1 m*-h™! by late afternoon (== 17:47). This smooth, bell-
shaped profile closely follows the irradiance trend and
indicates continuous and effective conversion of solar energy
into hydraulic output, particularly during midday when MPPT
operation is fully maintained.

In contrast, the flow rate remains largely constrained at
approximately 1.5 m3-h™ over most of the day, showing
minimal sensitivity to irradiance fluctuations. A brief spike to
approximately 5.5 m3-h™! is observed near 17:00; however,
this transient deviation is followed by an immediate return to
baseline levels and does not reflect a sustained improvement
in operating conditions. The predominantly flat flow-rate
trajectory confirms that the 4S2P configuration functions far
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below its hydraulic potential, consistent with the voltage-
limited behavior and absence of MPPT engagement described
in the previous sections.
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Figure 11. Daily variation of the flow rate

Figures 12 and 13 provide a unified evaluation of system
efficiency (n_sys) as a function of PV array operating voltage
(VPV) under three total heads (1 m, 15 m, and 25 m). In the
4S2P case (Figure 12), all operating points lie within a narrow
low-voltage band (~110-130 V), which corresponds to msys
values of only 8-14% irrespective of head. Although the
lowest head (1 m) yields slightly higher efficiency than the
highest head (25 m), all curves remain confined to a region
well below the inverter’s MPPT activation. Thus, the apparent
voltage efficiency trend is not indicative of successful power
optimization, but instead reflects the inherent limitations of
operating in the controller’s fixed-duty bypass mode. These
results confirm that the 4S2P configuration experiences
persistent and unavoidable underperformance due to its
inability to achieve the voltage necessary for MPPT
engagement.

By contrast, the 8S1P configuration (Figure 13) consistently
operates within the inverter’s valid MPPT voltage window. In
this regime, all three heads achieve markedly higher
efficiency, clustered between 40-45%. The slight decrease in
efficiency observed as head increases from 1 m to 25 m is fully
consistent with the expected rise in hydraulic and mechanical
losses at elevated pressure loads, rather than any deficiency in
electrical performance. The strong voltage efficiency
correlation in this configuration demonstrates continuous and
effective MPPT functionality, enabling substantially greater
energy transfer from the PV array to the pump. Together,
figures establish that PV voltage adequacy, not head variation,
is the dominant factor governing system efficiency,
reinforcing the critical role of array topology in matching the
inverter’s operational requirements.
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Figure 12. System efficiency for 4S2P configuration



—8x1,25m — 8xl, 15m

Eff_sys[%]
s
]

235

240
V_PV[V]

250 255

Figure 13. System efficiency for 8S1P configuration

When VPV falls below 200 V, the controller’s built-in low-
voltage protection activates. As stated in the Jntech controller
manual (and confirmed by the provided specification sheet),
the device is designed to handle under-voltage conditions
without shutting down entirely. Instead, it transitions into a
non-MPPT, protected operating mode to prevent damage to
the pump motor. The system continues to deliver water, but at
a drastically reduced efficiency because the operating point
drifts far from the true MPP.

Thus, “MPPT failure” in the 4S2P case is not a complete
shutdown but a transition to open-loop, non-optimized
operation—a direct consequence of the controller’s protective
design, which prioritizes system safety over maximum power
extraction under marginal voltage conditions.

Table 2 provides a quantitative comparison of the electrical
and hydraulic performance of the 8S1P and 4S2P PV array
configurations at three representative operating times (08:00,
12:00, and 16:00) under total heads of 1 m, 15 m, and 25 m.
Across all conditions evaluated, the 8S1P configuration
demonstrates superior performance in every major metric—
PV voltage, current, power output, water flow rate, and overall
system efficiency. These results reinforce the conclusion that
array topology and resulting voltage level are the primary
determinants of system productivity.

Table 2. Comparative table of system performance differences

Config Head Time V_pv I pv P_pv Q Eff_sys
m[h] [V] [A] [W] [m*h] [%]

8 220 7.0 1540 7.0 40.2

1 12 250 7.6 1900 9.0 445

16 225 72 1620 7.5 415

8 225 68 1530 75 40.8

8S1P 15 12 252 73 1839 9.0 42.8
16 230 6.9 1587 7.8 40.5

8 210 6.5 1365 6.5 39.0

25 12 240 7.1 1704 8.0 40.8

16 215 6.7 1441 6.8 38.5

8 110 2.4 264 4.0 12.0

1 12 130 2.9 377 5.5 14.1

14 128 28 358 53 13.9

8 115 25 288 22 10.3

4S2P 15 12 128 3.1 397 3.8 12.4
14 125 3.0 375 3.6 12.2

8 122 2.0 244 0.8 7.9

25 12 132 2.3 304 1.3 9.5

16 128 2.1 269 1.0 8.7

Specifically, the 8S1P configuration maintains operating
voltages within the inverter’s valid MPPT activation window,
enabling the controller to draw high current (6.5-7.6 A) and
consequently deliver elevated power levels (1365-1900 W).
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This effective electrical performance translates into high flow
rates (6.5-9.0 m*h™') and efficiencies ranging from 38.5—
44.5%, characteristic of a well-matched PV—pump system. In
contrast, the 4S2P configuration consistently operates below
the MPPT voltage threshold (110-132 V), forcing the
controller into a fixed-duty, non-tracking mode. As a result,
current (2.0-3.1 A), power (244-397 W), and flow rate (0.8—
5.5 m*-h™) are severely diminished, and system efficiency is
restricted to only 7.9-14.1%. Overall, these quantitative data
provide conclusive evidence that insufficient PV voltage in the
4S2P configuration causes systematic underperformance,
independent of hydraulic head or irradiance conditions.

4. CONCLUSIONS

This study experimentally evaluated two PV array
configurations, 8S1P and 4S2P, coupled to a BLDC motor-
driven water pump under the extreme climatic conditions of
Ghardaia, Algeria. Performance was assessed across a range
of total dynamic heads (1 m, 15 m, and 25 m).

The results clearly demonstrate that the 8Sx1P
configuration significantly outperformed the 4Sx2P
arrangement across all tested conditions. Its higher string
voltage ensured stable operation within the input voltage
window of the MPPT controller, enabling consistent and
efficient power extraction from the PV array. As a result, the
8S1P system delivered higher motor efficiency, greater
electrical to hydraulic energy conversion, and substantially
increased water flow rates.

In contrast, the 4S2P configuration operated below the
MPPT controller's minimum voltage threshold throughout the
day. This resulted in the feature not being activated the MPPT,
significant energy losses, and markedly reduced water output,
highlighting a crucial point in the design of PV generators.

These findings underscore a key design imperative: in
BLDC-based solar water pumping systems, the PV array
voltage must be deliberately aligned with the inverter and
MPPT controller’s operational voltage range—not merely
matched to nominal power ratings. This alignment is
especially crucial in high-head, high-efficiency, or low-
irradiance applications where voltage margins directly dictate
system availability and performance.

For optimal sizing of a photovoltaic pumping system, it is
not enough to consider only the system's power demand. The
inverter's input voltage also plays a crucial role in ensuring
efficient configuration. This voltage must fall within the
MPPT range specific to each inverter type to optimize system
operation.

Beyond technical validation, this work reinforces the
suitability of BLDC motor pumps for sustainable water access
in arid and remote regions. More importantly, it offers
actionable, field-tested guidance for engineers and
practitioners on optimizing PV array architecture to maximize
water productivity, energy efficiency, and long-term reliability
in off-grid solar pumping deployments.
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NOMENCLATURE
APPENDIX
I Output current of the PV module
v Output voltage of the PV module Table A1. AC/DC solar pump controller specifications
Tc PV cell temperature (°C)
G Solar irradiance (W/m?) Model JNPH200
Pmax Maximum power output Adaptable Pump Rated 200 V pump
Vmp Voltage at maximum power point Rated Input Power (kW) 1.8
Imp Current at maximum power point Max. Input Current (A) 17.0
Voc Open-circuit voltage ng. Input Voltage (V) DC420 V/ AC280 V
.. Min. Input Voltage (V) DC80 V/AC85V
Isc Short-circuit current , Optional MPPT Voltage (V) 200 ~ 400
n System or component efficiency Working Environment (°C) 15~ 60
D Duty cycle of the DC-DC converter
VDC DC-link voltage
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Figure Al. Jntech solar pump hydraulic performance curves
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