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Hybrid photovoltaic (PV)-battery systems are gaining prominence in
agricultural applications as a sustainable energy solution, particularly in
remote areas with limited grid access. These systems integrate solar panels
with battery storage to ensure a reliable and continuous power supply,
enabling energy independence, reduced fossil fuel dependency, and cost
savings for farmers. The inclusion of battery storage addresses intermittency
challenges by providing energy during periods of low solar irradiance, such
as nighttime or cloudy conditions, thereby ensuring uninterrupted operation.
Effective energy management is critical to optimizing system efficiency,
minimizing operational costs, and extending system lifespan. Furthermore,
consistent monitoring and maintenance are essential to enhance reliability and
support long-term agricultural productivity. This study highlights the
potential of hybrid PV-battery systems to transform energy use in agriculture,
emphasizing their role in promoting sustainability and resilience in off-grid
farming operations.

1. INTRODUCTION

Solar energy holds immense potential in Algeria, given the country's vast desert regions and high solar
irradiance. With over 3,000 hours of sunshine per year, Algeria is ideally positioned to harness solar
power for its growing energy needs (Rahrah et al., 2015). One of the main challenges of photovoltaic
(PV) systems is their intermittency, as they rely on sunlight to generate electricity. This means that
energy production is not constant, varying with weather conditions and becoming unavailable at night.
Such variability can disrupt essential agricultural processes that require a continuous power supply, such
as irrigation, refrigeration, or machinery operation (Rekioua, 2023; Zaouche et al., 2017).
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Hybrid PV systems that integrate battery storage offer a practical solution to this issue. By storing excess
energy produced during the day, batteries can provide electricity during periods of low solar irradiance
or at night, ensuring an uninterrupted power supply. This enhances the reliability of PV systems, making
them more viable for critical agricultural operations and promoting energy stability and efficiency in
rural areas. Additionally, the integration of battery storage reduces the need for reliance on diesel
generators, which are commonly used in off-grid areas. This not only lowers operational costs for
farmers but also reduces greenhouse gas emissions, contributing to environmental sustainability
(Ferreira et al., 2020; Mokrani et al., 2017; Rekioua & Matagne, 2012; Serir et al., 2024). The ability to
manage energy storage and usage effectively enables better planning of energy consumption, especially
during peak demand periods, further optimizing the performance of the PV system. This technology
supports rural electrification efforts, fostering economic development by providing consistent power for
irrigation, refrigeration, and other essential farming activities. As hybrid PV systems become more
accessible, they are likely to play a pivotal role in transforming energy use in remote regions
(Mohammedi et al., 2016; Pandey et al., 2024)].

Energy management is essential for optimizing the performance of PV-battery systems. It involves
monitoring and controlling energy flows between solar panels, batteries, and loads to ensure efficient
use of resources. Proper energy management maximizes energy generation during peak sunlight, stores
excess energy in batteries, and distributes it effectively when needed, especially during periods of low
solar availability (Kamal & Hassan, 2016; Kasri et al., 2024; Roumila et al., 2017; Thorat &
Kalkhambkar, 2021).

Photovoltaic (PV) systems play a vital role in agriculture by providing a clean, sustainable energy
source. They help reduce reliance on conventional energy sources while lowering operational costs.
Used for applications like solar-powered irrigation, crop refrigeration, and machinery operation, these
systems ensure a continuous energy supply, even in remote rural areas far from the electrical grid.
Additionally, PV systems contribute to reducing greenhouse gas emissions, making agriculture more
environmentally friendly and supporting the transition to more sustainable farming practices. Overall,
PV technology helps increase energy independence and enhances the resilience of agricultural
operations (Achour et al., 2016; Serir et al., 2016; Terki et al., 2012).

This study focused on energy management within a photovoltaic (PV) system integrated with batteries
for a pumping application. Each subsystem was meticulously modeled and simulated using
MATLAB/Simulink to analyze performance and efficiency.

2. HYBRID RENEWABLE ENERGY SYSTEM ARCHITECTURE
A photovoltaic generator with battery storage is part of the system under study, which is shown in Fig.1.

2.1 Photovoltaic generator model

The single-diode PV model offers an effective balance between simplicity and accuracy for predicting
solar panel performance (Mebarki et al., 2015; Oubelaid et al., 2022; Rekioua et al., 2024). Fig 2
illustrates the PV model used in this study, highlighting its reliability in performance forecasting.
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Fig 1. First studied system
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Fig 2. PV model

In PV (photovoltaic) systems, MPPT (Maximum Power Point Tracking) is essential because it
maximizes power output under variable sunshine conditions by optimizing energy harvesting by
modifying the electrical operational point. In this paper P&O is used to maximize the PV power (Rahrah

et al., 2015; Rekioua, 2023).

The parameters of the PV panel are listed in Table 1.
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Table 1. Parameters of the PV panel

Parameters Value

Photovoltaic power 80 Wp
Maximum current at PPM 4.65 A
Maximum voltage at PPM 175V
Short circuit current 219V
Open circuit voltage 3 mA/°C
Voltage temperature coefficient of short-current -150 mv/°C

Fig 3 shows the PV electrical characteristics under the three different circumstances of high, medium,
and low solar irradiation.
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Fig 3. PV electrical characteristics

2.2 Battery model

Batteries are crucial in pumping systems as they store excess energy generated by solar panels, ensuring
a reliable power supply during periods of low sunlight or night-time. This capability enhances
operational efficiency, reduces energy costs, and promotes sustainable water management in agricultural
applications (Alzaroog et al., 2022; Serir et al., 2016; Zaouche et al., 2017).

Figure 4 depicted the battery model used in this paper, which is composed from a voltage source and an
internal resistance.
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Fig 4. Battery electrical model
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The voltage of the battery is given by the following equation:

Veat = Epat T Npat.Rpat- Ipat (2)

The following equation shows the battery's state of charge:

Ipac t
SOCgae = 100 (1 — Bat ) ?3)

Cbat

2.3 Energy management control

To achieve optimal results, the proposed solution implements an efficient energy management approach
that enhances battery longevity and maximizes photovoltaic panel efficiency. This strategy ensures a
balanced energy distribution, reducing waste and improving overall system performance. Additionally,
it guarantees a reliable power supply to the pumping system, maintaining continuous operation. By
optimizing energy usage and storage, the solution supports long-term sustainability and efficiency,
making it a reliable choice for renewable energy applications and off-grid systems (Rabhi et al., 2015;
Smadi et al., 2024).

Figure 5 illustrated the proposed power management algorithm with 5 modes operating.

Initial conditions
SOCBaL min , S OCB(IL max

!

Power calculations
Ppy, AP

2

Power excess not Power excess used
explore to charge battery
h 4 v v \ 4 v
Load
Hisconnecied PrLoua=Prv+Pgat Pr.oaa=Pnat Pi.oaa=Ppv PLoaa=Ppv
M5 M4 | M3 | [ m2 | M1

Fig 5. Power management algorithm

The different operating modes are summarized in table 2.
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Table 2. Different cases

Mode 1 PLoad=Ppv (AP > 0 charging the battery)
Mode 2 PLoad=Ppv, ( AP > 0 and battery is charged)
Mode 3 PLoac=Pgat (Prv=0)

Mode 4 PLoad = Ppv +Pga (Compensation mode)
Mode 5 Ppv=Pga =0 (Disconnected load)

2.4 General studied case
The following results show the effectiveness of the proposed power management algorithm.

Figure 6 and 7 depict respectively the solar irradiance and the different powers waveforms acting in the
system. The lowed power is set to 1500W. When the PV power is not enough, the batteries supply the
load.
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Fig 6. Temperature and solar irradiance profile
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Fig 7. Different acting powers

Figure 8 illustrates the obtained modes. Mode 1 is detected at 5.5h, where Mode 2 is active at 11.5h.
Mode 3 and Mode 4 start respectively at Oh and 2h where Mode 5 is not activated.
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Fig 8. Different modes
Figure 9 shows the state of charge of the battery which is kept between 90 and 30 %.
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Fig 9. State of charge of the battery
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3. PUMPING APPLICATION

In this case, the hybrid system is used to supply a pump of 1500 W. Figure 10 shows the proposed
system. Field oriented control enables accurate control of motor torque and speed as well as the
generation of inverter control signals.

PV generator Battery

Ppy Ppat

Moto-pump

e

e~

i : 1 |
\ Energy management strategy /

N

Field oriented control

Fig 10. Proposed pumping system

3.1 Pumping system modeling

PV-pumping systems employ a wide range of pump types. In this instance, we employ a model that
explicitly represents the water flow output ('Q") for various total heads as a function of the electrical
power input to the motor-pump. The relationship between the flow rate and power input is expressed by
a third-order polynomial fit, as shown by the following equation (Ferreira et al., 2020; Gopal et al., 2013;
Obaid et al., 2021).

P(Q,h) = a(h) Q* + b(h) Q* + c(h) Q + d(h) (4)

In this system, induction motor is used which is modeled using the following equations (Achour et al.,
2016; Rekioua & Rekioua, 2003) :

d
[Vabes] = Rs liabes] a [Pabcs] (5)

3PM 6
Tem = T (chqud - q)sdlsq) ©)
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3.2 Field oriented control

In this work, the rotor flux orientation is being used, having ®,; = @, and ®,, =0. The
electromagnetic torque is expressed as follows (Saady et al., 2021):

PM 7
Tem = L—(q)rlsq) ( )
T

The following formulas are used to determine the rotor flux @, and the rotor field speed w,.:

3.3 Simulation and results

&, = [Migl/[1+ 7, s] (8)

wy = [Migg]/ [y @] ©)

This system's supervisor control enables the pump to be supplied even during times of low solar
irradiance and charges the battery during times of high solar irradiance. The outcomes below attest to
the suggested management algorithm's efficacy. Figure 11 depicts the solar irradiance. Power of hybrid
system and load power of the moto-pump are given in figure 12.
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Fig 11. Solar irradiance profile
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51



Journal of Renewable Energies I[CREAA 24 Ghardaia (2024) 43 — 55

In light of the effectiveness of the suggested energy management algorithm, the batteries have not been
overworked, extending their lifespan. Figure 13 illustrates that SOCni» failed to meet the 30% threshold
throughout the run.
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Fig 13. State of charge of the battery

Figure 14 shows the water flow waveform which follows the hybrid power curve of the system. The
electromagnetic torque and the rotor flux waveforms are given by figure 15 and 16 respectively.
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Fig 14. Water flow waveform
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Fig 15. Electromagnetic torque waveform
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Fig 16. Rotor flux waveform

4. CONCLUSION

Hybrid photovoltaic-battery systems represent a transformative solution for sustainable agricultural
energy, particularly in remote and off-grid regions. In this paper, it is found that integrating solar PV
with battery storage not only ensures a reliable and continuous power supply but also enhances energy
independence, reduces operational costs, and mitigates reliance on fossil fuels. By addressing
intermittency challenges through battery compensation. Effective energy management, combined with
proactive monitoring and maintenance, is critical to optimizing efficiency, minimizing lifecycle costs,
and extending system longevity. The findings show the potential of hybrid PV-battery systems to
advance sustainable farming practices, aligning with global efforts to achieve energy equity and climate
resilience. Future work should focus on scaling these systems for diverse agroecological contexts and
integrating smart grid technologies to further elevate their adaptability and impact.

NOMENCLATURE

Chgat Battery capacity, [Ah] Tem Electromagnetic torque , [N.m]

VBat Battery voltage, [V] p Number of pole pairs

Reat Internal battery resistance [Q] M Mutual inductance, [H]

Egat Voltage source, [V] D Stator flux [Wb]

lg Diode current, [A] Rs Stator resistance [Q]

loh Photo current, [A] Rsh Shunt resistance, [Q]

lov Photovoltaic current, [A] Rs Series resistance, [Q]

lo Saturation current, [A] L, Rotor inductance, [H]
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