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a b s t r a c t
The aim of the study was to employ mathematical modeling in the analysis of a photovoltaic (PV) 
water pumping system designed for smart agriculture irrigation that combines crops in the ground 
with PV panels (i.e., agrivoltaic), using as a case study the region of Khemis Miliana in Algeria in 
northwest Africa. System performance was optimized by considering the variation in solar irradi-
ance level, ambient temperature, generated PV power, pump flow rate and head, and water demand 
for irrigation. The maximum power point tracking (MPPT) of the PV module was estimated from 
the I-V curve model. The performance equation that expresses the flow rate of the pump as a func-
tion of input power and the total head was modeled based on the manufacturer’s performance 
curves using a feed-forward backpropagation network. Results showed that an increase in irra-
diance intensity increased the pump flow rate. A higher head gave a lower flow rate, regardless 
of the change in solar irradiance intensity. The power excess was predicted monthly. This power 
can be further utilized for secondary applications. The PV water pumping arrangement model 
enables advance estimation of system outputs and allows for optimization and improvement in 
the performance and reliability, accounting for variation in solar irradiance level, different pump 
operating parameters, and the water demand for irrigation. Future studies are suggested on excess 
power analysis including economics and considering the targeted plants to better optimize the 
system in terms of water need and frequency for irrigation.

Keywords: �Agrivoltaic (APV); Intelligent irrigation; Integrity; Performance optimization; Photovoltaic 
(PV); Reliability; Smart agriculture; Solar pumping system

1. Introduction

A system that combines crops in the ground with photo-
voltaic (PV) panels installed a few meters above the ground 
is called an agrivoltaic system [1]. Agrivoltaic systems are 
a key technology for achieving sustainable development 
goals by reducing the use of land for food vs. land for 
energy. Agrivoltaic systems are at the core of the balance 
between electricity generation, agricultural production, 

and irrigation water savings [2]. Agrivoltaic systems pro-
vide a solution to the growing demand for food and energy 
while reducing water consumption [3]. Furthermore, 
an agrivoltaic farm can be used as a stand-alone energy 
source to water pumping systems for irrigation in areas 
where the electrical grid is insufficient or non-existent [4].

Smart agriculture can enhance agricultural performance 
in a more effective and sustainable manner [5]. Therefore, 
a reliable and economical irrigation system is needed. 
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Irrigation level management plays a very important role in 
saving water for different purposes and using it economi-
cally. More than 25% of water is wasted while using tradi-
tional irrigation methods [6]. An improved irrigation system 
can save a large amount of water that is being wasted due to 
improper water management. Hence, the need for a reliable 
and economical irrigation system. Photovoltaic (PV) pump-
ing systems are considered as an alternative approach to 
water supply for irrigation [7].

With the growing awareness of an emerging energy 
crisis in the world, solar-powered water pumping systems 
have been a focal point for researchers for decades.

Verma et al. [8] presented an extensive overview of 
the solar photovoltaic powered water pumping system, 
its major elements, and applications. Economic and envi-
ronmental considerations were also addressed. Gasque 
et al. [9] analyzed a method of distributing the generated 
power in a photovoltaic pumping system having two iden-
tical pumps, working in parallel to determine a strategy 
for distributing the generated power that maximizes the 
flow rate of the two pumps together. Salilih et al. [10] 
proposed a method for the modelling, simulation and 
analysis of solar PV water pumping system. Bhayo et al. 
[11] presented a mathematically based evaluation proce-
dure for a reliable, stand-alone PV-battery water pumping 
system to evaluate the function of the proposed system 
for a rural housing unit in Malaysia. Renu et al. [12] sug-
gested a methodology for optimizing the performance 
of solar photovoltaic pumps by considering the effect of 
irradiance and temperature variations and different grid 
configurations on the performance of the water pump. 
Santra [13] evaluated experimentally a solar PV pumping 
system used for irrigation purpose in India. Statkic et al. 
[14] performed a selection procedure to identify the most 
significant factors for predicting the performance of the 
photovoltaic pumping system, by analyzing which factors 
have the most effect on the performance ratio to perform 
a satisfactory calibration to decrease the system losses. 
Adaptive neuro fuzzy inference system has been used for 
this purpose.

Sontake et al. [15] conducted a comparative study to 
investigate the head effect on the optimum photovoltaic 
array configuration, pump and pumping system total effi-
ciency by performing experiment on the centrifugal deep 
well pump, with different photovoltaic modules configura-
tion. Sontake et al. [16] performed an experimental investiga-
tion to select the optimum photovoltaic array configuration 
(PVAC) to supply electric power to solar photovoltaic water 
pumping system (SPVWPS) and effect of seasonal variations 
on its output by investigating the performance of SPVWPS 
with different PVACs. Benghanem et al. [17] developed 
experimentally a model that highlight the relation between 
water flow rate and solar power for system performance 
prediction. The PV pumping system efficiency is highly 
impacted by the climatic conditions which vary throughout 
the day and the year [18]. Hence, the need for a reliable and 
validated model taking into consideration all the variables 
and constraints.

The aim of the current study was to employ mathemat-
ical modeling in the analysis of a photovoltaic (PV) water 
pumping system designed for smart agriculture irrigation, 

using as a case study the region of Khemis Miliana in 
Algeria in northwest Africa. System performance was opti-
mized by considering the variation in solar irradiance level, 
ambient temperature, generated PV power, pump flow rate 
and head, and water demand for irrigation. The maximum 
power point tracking (MPPT) of the PV module was esti-
mated from the I-V curve model using the single diode model 
of the PV cell, then, the pump performance characteristic 
was modeled based on the manufacturer performance curve 
using feed-forward backpropagation network. The hourly 
irradiance data (G) and the ambient temperature were col-
lected for each day for 12 months, and the average value was 
calculated along with the PV cell temperature. The model 
was then simulated to obtain the hourly produced power, 
the average monthly flow rates, and the guaranteed vol-
ume. Finally, the quantity of PV module which satisfies the 
daily required volume was defined and the average monthly 
power excess was calculated.

2. System modeling

The principal system elements of the solar photovoltaic 
water pumping system considered are the photovoltaic mod-
ules, the centrifugal pump, and a water storage tank with a 
capacity of 23 m3 used instead of storage batteries. In this sec-
tion, the modeling of the system is presented.

2.1. Photovoltaic module modeling

To be able to evaluate the performance of a PV system, we 
first need to understand the detailed electrical characteristics 
of the PV module. Hence, modeling is essential. The model-
ing of PV module involves a range of parameters provided 
by the manufacturer’s data sheet (Table 1). For example, the 
maximum power current (Imp) required is 9.68 A.

The equation that describes the I-V characteristic mathe-
matically is defined based on the single diode model of the 
PV cell (Fig. 1) [19].
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The light-generated current Ipv is expressed in function 
of the nominal light current Ipv,n, both are calculated using 
Eqs. (2) and (3) respectively [20].
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The PV cell temperature varies with the ambient 
temperature and solar irradiance as presented in Eq. (4) [21].
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The diode saturation current and the nominal saturation 
current can be expressed by the following [22]:
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The thermal voltage and nominal thermal of the module 
are calculated as below [23]:
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2.2. Experimental project description and weather data modeling

The agrivoltaic system studied in this paper is part of 
the WATERMAD 4.0 project. It provides an overview of 
the agrivoltaic technology, and the system design steps. 
The Algerian pilot project at the University of Khemis 
Miliana research site would offer the possibility to ana-
lyze the potential of agrivoltaic application to provide 
energy to isolated areas and to reduce irrigation needs 

through shading and test opportunities to integrate 
smart irrigation systems into the mounting structure 
of the agrivoltaic system. The modules are mono-facial 
polycrystalline and are produced by Chinese manufac-
turer Jinko Solar. The pump considered in this study is 
manufactured by Grundfos. This study was conducted 
under the meteorological conditions of the city of Khemis 
Miliana in Algeria, which is located on coordinates of 36° 
of latitude and 2° of longitude. The climatic data such 
as irradiance and ambient temperature were collected 
hourly for 365 d during the year of 2019, accordingly, the 
monthly average of irradiance and ambient temperature 
was calculated. The cell temperature was also calculated 
based on Eq. (4).

2.3. Pump performance modeling

The Pump performance is modeled based on the perfor-
mance equation that expresses the flow rate of the pump as 
a function of input power and the total head which is repre-
sented by the pump performance curves (Fig. 2). Where X-axis 
represents the pump electric power, and Y-axis (left side) the 
pump flowrate while Y-axis (right side) the pump efficiency, 
and for different value of pump head (from 30 to 70 m).

The pump characteristic model was extracted from the 
performance curves provided by the pump manufacturer. 
The features are the electrical power and head, whereas 
the flow rate is considered as target, all the training and 
testing data points were extracted from the performance 
curves of the pumps (Fig. 2). The model was created by 
a feed-forward backpropagation network [24,25] using 
MATLAB toolbox. With three hidden layers and seven 
neurons of each one, the absolute error between the 
model output and target is about 0.63%.

Fig. 3 represents the back-propagation neural network 
architecture.

The first step was computing the output of each layer 
from input x into the output y according to the flowing 
equation:

a F W a bm m m m m+ + + += +( )1 1 1 1 	 (9)

Table 1
PV module specification

Module type JKM325M-60-V
Cell type Mono PERC 158.75 mm × 158.75 mm
No. of cells 60 (6 × 10)
Dimensions 1,665 mm × 1,002 mm × 30 mm
Maximum power (Pmax) 325 Wp
Maximum power voltage (Vmp) 33.6 V
Maximum power current (Imp) 9.68 A
Open-circuit voltage (Voc) 41.1 V
Short-circuit current (Isc) 10.50 A
Operating temperature (°C) –40°C~+85°C
Temperature coefficients of Pmax –0.37%/°C
Temperature coefficients of Voc –0.29%/°C
Temperature coefficients of Isc 0.048%/°C
Nominal operating cell temperature (NOCT) 45°C ± 2°C

 
Fig. 1. Single-diode model of the theoretical PV cell and 
equivalent circuit of a practical PV device.
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NR: Number of neurons; M: Number of layers; B: Bias 
vector of different layers; W: Weight matrix of different layers.

At m = 0; a = x.
At m+1 = M; a = y.
F is the activation function at m+1 layer.
The second step was the back propagation for adjusting 

the weight w, that is, based on the sensitivities backward “S” 
through the network:
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yt is the target data.
m = M–1, …, 2, 1.
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Finally, the weights matrices and biases vectors were 
updated using the approximate steepest descent rule:
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where α is the learning rate.
The obtained modeled curves are represented in Fig. 4.

3. Results and discussion

The results of the modeling equations developed in 
Section 2 will be described in this section. The PV module 
generated electrical outputs, as well as the hourly variation 
of the PV pumping system‘s performance, will be discussed.

3.1. Variation in average irradiance, ambient and cell temperatures

The monthly average of irradiance and ambient tem-
perature which were calculated based on the meteorolog-
ical data collected at site are presented by Figs. 5 and 6. 
For example, in January at 14 h the average irradiation was 
800 W/m2 and the ambient temperature was 11°C, respec-
tively. The cell temperature, calculated based on Eq. (4), 
is represented in Fig. 7. For example, in July at 10  h the 
cell temperature is 40°C, while in January for cell tem-
perature will be 5°C during the same time, that is, 10 h.

3.2. PV pumping system medelling results

Figs. 8 and 9 present modelling results for I-V and P-V 
characteristics of the PV module at 25°C cell temperature 
for varying irradiance level. The data shows that PV module 
exhibits a nonlinear I-V and P-V characteristics which vary 
with the irradiance intensity and cell temperature. Fig. 8 
presents modelling results for electrical characteristics of the 
PV module on current vs. voltage for different irradiance 
value. From the figure it can be seen that the short circuit 
current (Isc) increases significantly with the increase of irradi-
ance level, while it has less effect on the open circuit voltage 
(Voc) of the PV module.

The proposed model of the PV module I-V and P-V 
characteristic curves is compared to manufacturer‘s experi-
mental data which is available in Appendix A. The I-V and 
P-V characteristics (i.e., solid lines) predicted by our model 
closely matched those from the experimental results (i.e., 
dashed lines) achieved by the manufacturer, as shown in 
Figs. 10 and 11. The number of modules required to achieve 
the requested volume of 23 m3 of the storage tank number 
of PV module was defined based on the worst-case scenario, 

 
Fig. 2. Performance curves of the pump (SQF 3A-10NRp – 
Grundfos).

 
Fig. 3. Back-propagation neural network architecture.
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that is, the month with the minimum irradiance level the 
same has been optimized to 10 modules.

It can be observed that Figs. 12–15 have similar trend 
as that of the average hourly irradiance variation in Fig. 5. 
The hourly predicted power of PV modules is represented 
by Fig. 12, where the maximum power point is selected. 
The results indicates that the maximum power was in the 
month of June while the minimum power was in the month 

of January. The hourly estimated flow rate for each month 
and for various head values is depicted in Figs. 13–15. An 
increase in irradiance intensity results in an increase in 
pump flow rate, but a higher head result in a lower flow 
rate regardless of the change in solar irradiance intensity.

The pump operating time is represented by Fig. 16, the 
minimum avergae working time is 7  h during the month 
of December, while the maximum operating time is 13  h 

 
Fig. 4. Pump performance curves and extracted model.  

Fig. 7. Calculated hourly PV cell temperature variation.

 
Fig. 8. I-V characteristics for different irradiance values.

 
Fig. 9. P-V characteristics for different irradiance values.

 
Fig. 5. Average hourly irradiance variation.

 
Fig. 6. Average hourly ambient temperature variation.
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during the month of June. Figs. 17 and 18 represent the 
average monthly flow rate and the average monthly guar-
anteed volume respectively. The average monthly flow 
rate (Fig. 17) vary from its minimum value in the month 

of January (less than 3 m3/h) to its maximum value in the 
month of August (~4.44 m3/h). The average monthly guar-
anteed volume (Fig. 18) increases from les than 25  m3 
in the month of January to its maximum value (~54  m3) 
in the month of June, and then decreases to less than 
25 m3 in the month of December. The system was designed 
for the month of January which has the minimum power 
(i.e., less than 800 W) as shown in Fig. 19. The model allows 

 
Fig. 10. I-V characteristics of proposed model and experimental 
data.

 
Fig. 13. Hourly predicted flow rate variation for H = 35 m.

 
Fig. 14. Hourly predicted flow rate variation for H = 45 m.

 
Fig. 15. Hourly predicted flow rate variation for H = 55 m.

 
Fig. 11. P-V characteristics of proposed model and experimental 
data.

 
Fig. 12. Hourly predicted PV power variation.
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for predicting the excess of power produced every month. 
The maximum excess power was around 970  W during 
the month of July as highlighted in Table 2 and Fig. 20.

4. System integrity and reliability

The PV water pumping arrangement model developed 
in the current study enables advance estimation of system 
outputs and allows for optimization and improvement in 
the performance, reliability, and integrity, accounting for 
variation in solar irradiance level, different pump operating 
parameters, and the water demand for irrigation. To achieve 
a high degree of integrity and reliability of the PV pumping 
system it is crucial to address any possible operational and 
safety issues. This can be accomplished through an engi-
neering tool called reliability, availability, and maintainabil-
ity (RAM). Its goal is to discover a system’s weakest points 
to improve overall system reliability [26]. This was demon-
strated by Sayed et al. [26], in an analysis for grid-connected 
solar photovoltaic systems. The authors concluded that the 
monitoring of the critical subassemblies of a PV system will 
increase the possibility not only for improving the avail-
ability of the system, but also to optimize the maintenance 
costs. Additionally, it would inform the operators about 
the status of the various subsystems of the system. We can 
speculate that the RAM approach should be implemented in 
the analysis of a photovoltaic (PV) water pumping system 

 
Fig. 16. Average monthly pump operating time.

 
Fig. 19. Average monthly available power.

 
Fig. 20. Average monthly power excess. 

Fig. 17. Average monthly flow rate.

 
Fig. 18. Average monthly guaranteed volume.
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designed for smart agriculture irrigation that combines crops 
in the ground with PV panels (i.e., agrivoltaic) using as a case 
study, for instance, the region of Khemis Miliana in Algeria 
in northwest Africa

In a related report Altamimi and Jayaweera [27] 
argued that the accelerating rate of climate change is 
likely to impact the performance of photovoltaic (PV) 
power generating systems over the long run. Their paper 
proposed a long-term reliability assessment approach 
for PV integrated power systems by considering the cli-
mate change effects on hierarchical level of PV systems. 
They concluded that the ability of identifying the criti-
cal components and subsystems in a PV system that lead 
to climate associated failures is one of the key benefits 
of the approach. In their investigation, two established 
climate models were incorporated to generate climate 
change factors for the years 2020, 2050 and 2080. A set of 
case studies were conducted, and the results suggested 
that the reliability performance decreases considerably 
with the effects of climate change. These effects were 
inconsistent over time when aging was taken into con-
sideration. Their conclusions should be considered when 
designing future reliability proposals involving agri-
voltaic systems as reported in the present report.

Capacity building can contribute for better management 
of the solar driven pumping system. Mahmoudi et al. [28] 
highlighted the importance of the capacity building in the 
renewable energy application such as water desalination.

5. Conclusions

The mathematical modeling analysis of a photovoltaic 
water pumping system designed for smart agriculture irri-
gation in the region of Khemis Miliana, Algeria in north-
west Africa, showed that an increase in irradiance inten-
sity increased the pump flow rate. A higher head gave a 
lower flow rate, regardless of the change in solar irradi-
ance intensity. The number of PV modules was defined 
and optimized to satisfy the required water demand. The 
power excess was predicted monthly, this power can be 
further utilized for secondary applications. The PV water 

pumping system model enables advance estimation of 
system outputs and allows for optimization and improve-
ment in the performance and the integrity of the system, 
accounting for variation in solar irradiance level, different 
pump operating parameters, and the water demand for 
irrigation. Future studies are suggested on excess power 
economic analysis and on considering the targeted plants 
to better optimize the system in terms of water need and 
frequency for irrigation.
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Symbols

a	 —	 Ideality factor
Eg	 —	 Bandgap energy of the semiconductor, eV
Gamb	 —	 Solar irradiance at ambient temperature, W/m2

GNOCT	 —	 Solar irradiance, W/m2

I	 —	 Output current, A
Ipv	 —	 Photovoltaic current, A
Isc	 —	 Short circuit current, A
Ipv,n	 —	 Light generated current, A
K	 —	 Boltzman constant, J/K
KIsc	 —	� Temperature coefficient of short circuit current, 

%/°C
Ns	 —	 Number of cells connected in series
q	 —	 Charge of an electron, C
Rs	 —	 Series resistance factor, Ω
Rp	 —	 Shunt resistance factor, Ω
T	 —	 Actual cell temperature, °C, °K
TNOCT	 —	 Nominal operating cell temperature, °C, °K
Tn	 —	 Nominal temperature, °C, °K
Ta	 —	 Ambient temperature, °C, °K
V	 —	 Output voltage, V
Voc	 —	 Open circuit voltage, V
Vt	 —	 Thermal voltage, V
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