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Abstract: The aim of the study was to employ mathematical modeling in the analysis of a photovoltaic (PV) 
water pumping system designed for agriculture irrigation in an Agrivoltaic environment that combines crops in 
the ground with PV panels, using as a case study the region of Khemis Meliana in Algeria in northwest Africa. 
System performance was optimized 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 estimated from the I-V curve model. The performance equation that 
expresses the flow rate of the pump as a function 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 irradiance 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 
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1. Introduction 
A system that combines crops in the 

ground with photovoltaic (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 versus land for energy. Agrivoltaic 
systems are at the core of the balance 
between electricity generation, agricultural 
production, and irrigation water savings [2].  
Agrivoltaic systems provide 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.  
Irrigation level management plays a very 
important role in saving water for different 
purposes and using it economically. More 
than 25% of water is wasted while using 

traditional 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) pumping systems are 
considered as an alternative approach to 
water supply for irrigation [7]. [8] presented an 
extensive overview of the solar photovoltaic 
powered water pumping system, its major 
elements, and applications. Economic and 
environmental considerations were also 
addressed. [9] analyzed a method of 
distributing the generated power in a 
photovoltaic pumping system having two 
identical pumps, working in parallel to 
determine a strategy for distributing the 
generated power that maximizes the flow rate 
of the two pumps together. [10] proposed a 
method for the modelling, simulation and 
analysis of solar PV water pumping system. 
[11] presented a mathematically based 
evaluation procedure 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. [12] 
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suggested 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. [13] evaluated experimentally a 
solar PV pumping system used for irrigation 
purpose in India. [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.  
 [15] conducted a comparative study to 
investigate the head effect on the optimum 
photovoltaic array configuration, pump and 
pumping system total efficiency by performing 
experiment on the centrifugal deep well pump, 
with different photovoltaic modules 
configuration. [16] performed an experimental 
investigation 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. [17] developed 
experimentally a model that highlights 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 
mathematical 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 Meliana 
in Algeria in northwest Africa. System 
performance was optimized 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 estimated 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 ANN. The hourly irradiance data 
(G) and the ambient temperature were 
collected 365 days, 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 volume.  Finally, the quantity of 
PV modules which satisfies the daily required 
volume was defined and the average monthly 
power excess was calculated.  

2. System Modeling 
2.1. PV module modeling 
     The modeling of PV module involves a 
range of parameters provided by the 
manufacturer's data sheet (Appendix.1).  
To be able to evaluate the performance of a 
PV system, we first need to understand the 
detailed electrical characteristics of the PV 
module. 
     The equation that describes the I-V 
characteristic mathematically is defined based 
on the single diode model of the PV cell (Fig. 
1) [19].  

 
Fig. 1.  Single-diode model of the theoretical PV cell 
and equivalent circuit of a practical PV device 

  exp  1          (1) 

The light-generated current IPv is expressed in 
function of the nominal light current Ipv,n, both 
are calculated using the equation 2 and 3 
respectively.  [20] 

 = + K )                    (2) 

   =                                             (3) 

The PV cell temperature varies with the 
ambient temperature and solar irradiance as 
presented in equation 4 [21] 

   T = +                       (4)  

The diode saturation current and the nominal 
saturation current can be expressed by the 
following: [22] 

 exp                   (5) 
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                                  (6)  

The thermal voltage and nominal thermal of 
the module are calculated as below [23]  
  , =                                                          (7) 

   =                                                              (8) 

 2.2. Weather data modeling 
     This study was conducted under the 
meteorological conditions of the city of Khemis 
Miliana in Algeria, which is located on 
coordinates of 360 of latitude and 20 of 
longitude.  The climatic data such as 
irradiance and ambient temperature were 
collected hourly for 365 days during the year 
of 2019, accordingly, the monthly average of 
irradiance and ambient temperature was 
calculated. The cell temperature was also 
calculated based on Equation 4. 
2.3. Pump performance modeling 

     This study utilizes the manufacturer’s 
performance curve (Appendix.2), to predict the 
hourly performance characteristics of the PV 
pumping system. Understanding this curve is 
critical to accurately predict pump 
performance, select the right pump size, and 
design PV-powered water pumping systems 
that work efficiently under varying operating 
conditions. 
Even though the pump performance curve is a 
valuable engineering data produced by the 
manufacturer, it is not convenient to use the 
curve directly in this analysis. Hence the 
requirement of extracting the performance 
equation that allows the pump performance 
modeling, the same was achieved using a 
feed-forward backpropagation network which 
offers several advantages for modeling 
complex relationships compared to the fifth-
degree polynomial method used in the 
literature. 
     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.  
     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. 2 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: 
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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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     Finally, the weights matrices and biases 
vectors were updated using the approximate 
steepest descent rule:             

  1
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3. Simulation, results, and 
discussion 

3.1. Variation in average irradiance, 
ambient, and cell temperature 

    The monthly average of irradiance and 
ambient temperature which were calculated 
based on the meteorological data collected at 
site are presented in (Fig. 3 and Fig. 4). e.g., 
in January at 2 pm the average irradiation was 
400 W/m2 and the ambient temperature was 
11C , respectively.  The cell temperature, 
calculated based on Equation 4, is 
represented in Fig. 5, e.g., in July at 10 am the 
cell temperature is 40C , while in January the 
cell temperature will be 5C  during the same 
time i.e., 10 am.  

     Knowing the photovoltaic (PV) cell 
temperature is important 
because temperature directly affects the 
performance and efficiency of solar 
panels. Higher temperatures decrease the 
panel's output voltage and efficiency, while 
lower temperatures can increase 
efficiency. Understanding this relationship is 
crucial for accurately predicting energy 
production and for optimizing system design 
and performance. 

 
  Fig. 3 Average hourly irradiance variation 

 
  Fig. 4 Average hourly ambient T0 variation 

 
  Fig. 5 Calculated hourly PV Cell T0 variation 

3.2. PV module simulation results 

     Fig. 6 and Fig. 7 present the 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. 6 presents modelling results for electrical 
characteristics of the PV module on current 
versus voltage for different irradiance value. 
From the figure the short circuit current (Isc) 
increases significantly with the increase of 
irradiance level, while it has less effect on the 
open circuit voltage (Voc) of the PV module. 

 
   Fig. 6.  I-V Characteritic for different irradiance  
values 

 

    Fig. 7.  P-V Characteritic for different irraidiance 
values 
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     The proposed model of the PV module I-V 
and P-V characteristic curves is compared to 
manufacturer's experimental data 
(Appendix.3). 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 Fig. 7 and Fig. 8.   
     The I-V curve allows for the identification of 
the maximum power point (Pmax) which is the 
point where the panel produces the most 
power. Knowing this value is essential for 
designing a system that can efficiently capture 
the panel's output.  

 
   Fig. 8 I-V Characteristic of proposed   
   model vs experimental (manufacturer) data 

  
    Fig. 9 P-V Characteristic of proposed model             
vs experimental (manufacturer) data 

3.3. PV pumping system simulation 
results 

     The obtained modeled performance curves 
of the pump (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 
Fig. 10. 

 
   Fig. 10 Pump performance curve vs extracted 
model 

      The hourly estimated flow rate for each 
month and for various head values is depicted 
in Fig. 11 -13. 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. 
 

 
Fig. 11 Hourly predicted flow rate for H=35m 

 
Fig. 12 Hourly predicted flow rate for H=45m 
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  Fig. 13 Hourly predicted flow rate for H=55m 

     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 i.e, 
the month with the minimum irradiance level, 
the same has been optimized to 10 modules. 

The pump operating time is represented 
by Fig. 14, the minimum avergae working time 
is 7 hours during the month of December, 
while the maximum operating time is 13 hours 
during the month of June.  

 
    Fig. 14.  Average monthly pump operating time 

Fig. 15 and Fig. 16 represent the average 
monthly flow rate and the average monthly 
guaranteed volume respectively. The average 
monthly flow rate varies 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 
guaranteed volume increases from less 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.      

 
         Fig. 15.  Average monthly flow rate 

 
  Fig. 16. Average monthly guaranteed volume 

     The hourly predicted power of PV modules 
is represented by Fig. 17. The results indicate 
that the maximum power was in the month of 
June while the minimum power was in the 
month of January.  

    Fig. 17 Hourly predicted PV power variation 
 
The system was designed for the month of 
January which has the minimum power (i.e., 
less than 800 W) as shown in Fig. 18. The 
model allows 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 Fig. 19. 
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Fig. 18 Average monthly available power 

 
  Fig. 19 Average monthly power excess   

Conclusion 
     This study has contributed to the 
understanding of agrivoltaic systems and the 
modeling of photovoltaic water pumping for 
irrigation, providing insights into system 
performance under varying conditions. The 
approach developed in this study allows 
predicting the solar pumping system 
performance of any set of pumps, at any 
specific flow rate and pumping head 
accounting for the climatic condition of any 
location. This will provide a powerful tool for 
system performance optimization and system 
integrity improvement The mathematical 
modeling analysis of a photovoltaic water 
pumping system designed for agriculture 
irrigation in the region of Khemis Meliana, 
Algeria in northwest Africa, showed that an 
increase in irradiance intensity increased the 
pump flow rate. A higher head gave a lower 
flow rate, regardless of the change in solar 
irradiance 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 Artificial Neural Network (ANN) method 
was chosen due to its ability to make accurate 
predictions based on complex data patterns. 
The PV water pumping system model enables 

advance estimation of system outputs and 
allows for optimization and improvement 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.  

Appendix 
Appendix. 1 PV module specifications 

 
Appendix. 2 Pump manufacturer performance 
curves 
 

 
 
    Appendix. 3 PV Module experimental  
(manufacturer) electrical Performance 
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