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 This paper addresses the issue of surplus energy produced during batteries 

charging in a standalone photovoltaic (PV) system consisting of a PV array, house 

equipment’s and batteries. The energy management algorithm does not utilize 

energy excess when the batteries are charged, reducing overall efficiency and 

robustness. This paper proposes an enhanced energy management algorithm that 

improves the system efficiency while employing excess energy for irrigation, 

presenting a valuable solution for agriculture. The energy management unit 

ensures effective communication among system components, aiming to extend 

the batteries lifespan and maintain their state of charge within optimal limits of 

20% to 90%. Simulations conducted with MATLAB/Simulink over 72 hours 

under varying irradiance conditions demonstrate the proposed algorithm 

effectiveness and robustness in protecting batteries from deep discharges and 

high overcharges and feeding a water pumping system for agriculture purposes 

besides the house requirements. 
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1. INTRODUCTION 

In recent years, a high expansion in energy demand due to the global population growth, according to 

the IEA. It is expected to increase by 50% (Bakare et al., 2024). Furthermore, in the last decades, 

worldwide researchers have become interested in forward adaptive solutions to protect the environment 

from the current pollution issues: temperature rises with 1.3°C since 2023 (International Energy Agency, 

2025), the depletion of fossil energies, and the greenhouse gas effects (Zidane et al., 2022). Integrating 

renewable energies with conventional grids reduces the dependency on fossil fuels and minimizes CO2 

emissions. Renewable energies can be divided into many categories: Photovoltaics, wind, 

hydroelectricity, geothermal, and biomass (Liu et al., 2023). 
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Among these renewable energies, photovoltaic energy is a promising technology; it has experienced 

extensive development due to the decrease in manufacturing prices (Sahri et al., 2023). In addition, it is 

employed in many applications connected to the grid and stand-alone systems (Ali et al., 2025; Lalouni, 

2021). It’s used to generate electricity for houses, water pumping systems, irrigation, Buildings, and 

aerospace applications. Subsequently, photovoltaic electrical energy is a fundamental energy source 

used to supply urban or remote areas. The remote areas are situated farther than the grid transmission 

lines, suffering from the rugged terrain and the high-cost financial problems (Saady et al., 2025). 

Although photovoltaic energy is clean and static and has good reliability, the PV panels convert light to 

electricity with lower efficiency rates from 12% to 20% (Zidane et al., 2022). In addition, the non-linear 

electrical behavior of the photovoltaic array (P=f(V) and I=f(V)) (Taissala et al., 2022). Moreover, 

unstable climate conditions (irradiance and temperature levels) decrease the PV panels' efficacy. The 

boost converter matches the input PV panels' power with the output load power by introducing the 

Maximum Power Point algorithm (MPPT) as a gate drive for the step-up converter. The MPPT strategy 

seeks the PV panels' optimum operating point. Each MPPT technique has advantages and drawbacks. 

In the literature, Fractional open and short circuits belong to the oldest methods category. These methods 

are cheap and require the minimum computational power needed. In addition, empirical mathematical 

equations are employed to extract the MPP. Moreover, their poor performance and efficiency make 

them unsuitable for unpredictable climate conditions (Pathy et al., 2019; Mars et al., 2017). Perturb and 

Observe (P&O) and Incremental Conductance (IC) ensure simple implementation and real-time 

operation (Chellakhi et al., 2021; Salman et al., 2018; Xu et al., 2020). However, these algorithms fail 

to track the MPPT effectively under unexpectedly changing irradiance levels (Windarko et al., 2021). 

Consequently, soft computing techniques are proposed by researchers to overcome the oscillation 

phenomenon. These strategies are classified into AI and metaheuristic methods. Fuzzy logic, ANN, and 

machine learning algorithms belong to the AI category. Otherwise, the metaheuristics methods are 

divided into swarm, evolutionary, and bio-inspired algorithms (Hayder et a.l, 2020). 

Two types of standalone PV systems could be distinguished: without battery storage and with battery 

storage. Despite that, the standalone PV system without battery storage has advantages: Minimized cost 

and friendly structure to the environment, the high dependence on intermittent PV energy restricts its 

performance, as the PV array does not generate electricity properly at night or on cloudy days. So, the 

system cannot feed the load (house) with the appropriate energy (Canales et al., 2021). This paper 

proposes an autonomous photovoltaic system with integrated battery backup to ensure a constant energy 

supply to the load. The batteries provide support by delivering power generated from the PV array 

whenever it cannot meet the required energy demands, thereby maintaining energy balance. The 

collaboration between the PV panels and the batteries optimizes the power delivered to the house 

electricity demand. Furthermore, the batteries capture excess energy when demand is fully met and 

release it when needed. With the advancement of battery manufacturing technologies, lead-acid batteries 

provide good performance. Lead-acid batteries are incorporated as storage mechanisms in renewable 

energy systems. The proposed system relies on optimum sizing. The relationship between the size, 

quality, and the eco-technical study must be considered to determine the system's efficiency, reliability, 

and robustness. 

Inherently, energy management algorithms are divided into state flow machine algorithms, AI 

algorithms, and heuristic algorithms (Boudjerda et al., 2024; Shirinda et al., 2024; Zidane, 2024). 

Implementing an effective energy management system (EMS) is required for the proposed system's 

proper functionality. The energy management system safeguards the batteries from overcharging and 

deep discharging, and provides the required electrical energy to the load. Optimal coordination manages 
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the electrical energy flow among standalone PV system components, with a battery storage mechanism 

in the energy balance, deficiency, and excess modes. 

Furthermore, the surplus energy is not addressed in this paper (Boudjerda et al., 2024). Hence, this 

energy excess is employed for irrigation beside the house. The water pumping system consists of a 

squirrel cage induction motor (SCIM) and a centrifugal water pump. Mechanical energy is converted 

into hydraulic energy. This system is regulated to generate the appropriate volume of water by producing 

optimal switching pulses for a two-level PWM converter. In this study, the two-level inverter is 

controlled using the DTC technique. The DTC was developed by Takahashi and Noguchi (Djoudi et al., 

2022) as a high-performance AC drive; it regulates the SCIM stator torque and flux directly and 

maintains them in fixed hysteresis bands by determining the required voltage vector from the optimum 

DTC switching table. 

The paper novelties are denoted as below: 

 The generated PV panels' power is maximized employing the smart step fuzzy INC MPPT. 

 Optimizing the energy management algorithm by exploiting the excess energy for supplying a 

water pumping system based on a SCIM employed for irrigation to reduce the reliance on 

conventional fossil energies. 

This paper is divided into four sections. The studied configuration description is provided in section 2. 

The relationships employed for the simulation are described in the Mathematical Modeling section, 

which is defined in Section 3. This paper proposes an enhanced energy management algorithm for the 

autonomous PV system. Extensive simulations lasting 72 hours are carried out using 

MATLAB/Simulink. The simulation results demonstrate the fuzzy logic incremental conductance 

MPPT robustness MPP under varying climate conditions. The simulation findings confirm that the 

excess energy is used to pump water in a pumping system when the batteries are charged, making the 

proposed energy management system applicable in irrigation and agricultural domains. In this case, it 

offers high performance in safeguarding batteries, increasing reliability, and prolonging the lifespan of 

the batteries. 

Fig 1. The proposed topology to supply the house requirements. 
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2. DESCRIPTION OF THE STUDIED STANDALONE PV SYSTEM  

Figure 1 depicts the configuration of the standalone photovoltaic system studied in this paper. This 

topology supplies a water pumping system including a photovoltaic array, DC load, a Boost converter, 

and a bidirectional Buck-Boost converter to ensure a bidirectional power flow with the batteries during 

charging and discharging operations. The topology of the boost and buck-boost converters is reported 

in (Liu et al., 2023). In addition, the Boost converter tracks the maximum power captured from the PV 

array using a Fuzzy incremental controller. The water pumping system includes an Asynchronous motor 

and a centrifugal water pump. These components are linked to an energy management system. Finally, 

a PI Controller is designed to control the amount of energy flowing through the DC bus. 

3. MODELING OF THE PROPOSED SYSTEM 

3.1 PV module 

In the literature, PV solar cell models are divided into: Single diode, double diode, and the four/ five 

five-parameter models that describe the PV cell's electrical behavior. In this study, the four-parameter 

model is employed (Deboucha et al., 2017). The datasheet of the SIEMENS SM 110-24 module is 

reported in (Boudjerda et al., 2024). The four-parameter PV model circuit is represented in Fig 2. 

The output of the  PV current Ipv is given using the following equation  (Boudjerda et al.,2024): 
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m
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Fig 2. The four parameters PV cell. 

Where: 𝑈𝑜𝑐 , 𝑈𝑚𝑝𝑝, 𝐼𝑠𝑐 , 𝐼𝑚𝑝𝑝, and denote the open circuit voltage, peak power point voltage, short circuit 

current, and peak power point current, respectively.  
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Equation (1) is valid only for the STC conditions (Tstc = 25°C and Gstc =1000 W/m2). Therefore, the 

equations above are added to see the impact of irradiation and temperature: 

, ocpv new pv c s pv
U U T R I           (5) 

, sc ,
1pv new pv c sc stc

stc stc

G G
I I T I

G G


   
      
   
   

        (6) 

3.2 Smart step Fuzzy incremental conductance  

The incremental conductance (IC) MPPT method performs better than the standard perturb-and-observe 

(P&O) technique. A key advantage of this method is its robustness under fluctuating environmental 

conditions, as it avoids divergence risks near the MPP. 

The IC algorithm typically employs a fixed step size. Smaller steps minimize power oscillations around 

the MPP but result in slower response times. Conversely, larger steps improve dynamic response at the 

cost of increased ripple. An adaptive "smart step" mechanism is essential. Integrating fuzzy logic with 

the INC algorithm optimizes this balance, dynamically adjusting the step size to achieve both rapid 

convergence and minimal oscillation. This hybrid approach performs better than the traditional P&O in 

stability and efficiency, as demonstrated with its flowchart in (Deboucha et al., 2017). 

3.3 Smart step Fuzzy incremental conductance  

The water fluid is pumped from the high-pressure into the lower-pressure point with a centrifugal pump. 

An SCIM rotates the water pump. The stator of the induction motor connects to the PWM converter, 

which controls the speed by selecting the optimal voltage vector. The water pumping system is driven 

by the DTC. The principle of DTC is reported in (Djoudi et al., 2023; Sahri et al., 2021). The reference 

torque is determined from the IP controller regulation loop. 

The hydraulic power is a function of water flow (𝑄) and the head of the water centrifugal pump (𝐻). 

Moreover, it’s related to the gravity (𝑔)  and the water fluid density( 𝜌) : 

hP g Q H         (7) 

According to the similitude laws, the centrifugal water pump model is derived from the nominal 

characteristics of the pump (𝑄𝑛, 𝐻𝑛, 𝑃𝑛): 
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By applying the Park transformation, the SCIM equations in synchronous (d,q) frame are expressed by 

Eq.12: 
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The electromagnetic torque of the induction motor is expressed by: 

( )em s s s sT p i i              (10) 

The water pump load (T𝑟) is represented with the equation above: 

2( )r pumpT K         (11) 

SCIM, the friction is neglected in the fundamental dynamic motion law: 

em r

d
J T T

dt


         (12) 

3.4 Battery model 

Electrochemical batteries, particularly lead-acid types, are commonly employed for energy storage in 

this study due to their low maintenance requirements and their good quality. As shown Fig 3, an RC 

circuit configuration is utilized to model the behavior of these batteries. 

 

Fig 3. Model of the batteries bank (RC model). 

The voltage across the terminals of the batteries is given by: 

batt c battU E V R I          (13) 

The batteries state of charge SOC is the electrical energy amount stored to its total capacity, In this 

model: 

 Qbatt denotes the ampere-hours (Ah) stored during charging over time t under a charging current 

Ibatt. 

 Cbatt refers to the battery’s nominal capacity (expressed in Ah). SOC is calculated by equation 

(14):  
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4. ENERGY MANAGEMENT SYSTEM (EMS) 

Energy management system is the key element for better exchanging the power among the components 

of the studied system. In addition, this system is capable to achieve the load requirement by balancing 

the energy flow supplied from the photovoltaic array and the batteries. 

The proposed PV standalone system is managed to optimize the energy flow between the various 

components while providing battery bank protection (ON-OFF method) from overcharging and 

excessive discharging. The standalone PV system operates in the following five modes: 

 Mode 1: When the energy provided by the solar panels is enough to meet the load's needs, the 

batteries backup is disconnected. 

 Mode 2: Battery bank charging occurs when the photovoltaic array provides sufficient power 

to the house. 

 Mode 3: The battery bank provides power when the photovoltaic array produces inadequate 

energy for the load, allowing the batteries to release the energy required. 

 Mode 4: To prevent overcharging, the algorithm disconnects the battery bank when its state 

of charge exceeds 90%, diverting excess energy to the irrigation pumping system. 

 Mode 5: When the battery bank's state of charge falls below 20%, the algorithm disconnects 

the batteries to protect them from excessive discharges 

The power available (Pav) is determined as below: 

av pv Load
P P P       (15) 

 

Fig 4. The proposed EMS. 
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5. SIMULATION RESULTS 

Simulation has been performed for 72 hours in three different irradiance levels. The DC Load power 

represents a house with a total power requirement evaluated at 2.85 kW, with consumption of 

4.515kWh/day, batteries efficiency is 80%, and depth of charge corresponding to 70%. After sizing, the 

standalone PV system includes 26 PV panels of 110 W (SIEMENS SM-110). 13 modules are gathered 

in series and 2 in parallel. In addition, 25 lead-acid batteries (12V 63 Ah) were assembled in a series 

connection. The simulation parameters are given in the appendix. The DC bus voltage value equals 

580V. The efficiency of the inverter is 90%inv  . 

Figures (5, 6) illustrate the irradiance profiles and the PV array power. The irradiance profile is a step 

variable profile, as seen in Fig 6, with Fuzzy INC measuring power tracking its reference rapidly and 

effectively, better than the IC and the P&O algorithms. Despite the sudden variation of irradiance from 

1000 W/m2 to 800 W/m2, the proposed Fuzzy INC MPPT algorithm achieves the high dynamic 

performance in the transient and the steady state operation against the conventional algorithms (INC, 

P&O). 

Figure 7 illustrates the irradiance profile over three days. The irradiance increases from more than 

700W/m² to above 1000 W/m². PV array waveform matches with its irradiance profile in Fig 8. 

Figures (9-11) represent the power generated from the PV array, the DC Load power profile, and the 

power available in the DC bus. The Pav is the difference between the Ppv and PDC load. Note that Pav  

  

Fig 5. Irradiance profile. Fig 6. PV array generated. 

  

Fig 7. Irradiance profile. Fig 8. PV array power. 
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Fig 9. The produced power from the PV array. Fig 10. Power of the DC load. 

could have positive and negative signs. The positive sign indicates the excess power mode, while the 

negative sign is dedicated to the deficiency power case. Figures (12, 13) illustrate the SOC and power 

of the battery bank behaviors during 72 hours, respectively. The positive sign implies that the batteries 

are in the charging scenario. The SOC of the batteries is increasing only if the SOC ∈] 20%,90% [. 

Otherwise, the batteries are discharging if the power sign is negative. So, in this case, the SOC of the 

batteries is decreasing within the range of 20% to 90%. As seen, the algorithm effectively isolates the 

batteries when the SOC of the batteries reaches 20% and 90% to avoid deep discharges and overcharges, 

respectively. 

Observe that, in Fig.15, which represents the irrigation power curve, and referring to Figures (12-14). 

The power available is superior then zero, this implies the excess mode, the batteries bank is 

disconnected (Pbatt=0). Additionally, the SOC of the batteries is higher than 90%. Consequently, the 

available power, Pav, is addressed for irrigation purposes. This available power is employed to supply 

a water pumping system composed of the SCIM and the centrifugal water pump. 

As illustrated in Fig 15, the speed of SCIM tracks its reference value accurately. The PI controller 

provides good dynamic performance and robustness in tracking the induction motor reference speed. 

Figures (16-19) illustrate the mechanical power of the SCIM, the hydraulic power necessary to lift the 

water fluid, the total head, and the quantity of water utilized for irrigation requirements. The algorithm 

successfully generates the water pumping system needs for time t=10 h.  

 

  

Fig 11. The power available in the DC bus. Fig 12. Batteries bank SOC. 
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Fig 13. The power of the batteries bank. Fig 14. The total power used for irrigation. 

  

Fig 15. Induction motor speed and its reference. Fig 16. Mechanical the SCIM. 

  

Fig 17. The necessary pump hydraulic power. Fig 18. The head of the centrifugal water pump. 

 
Fig 19. Water quantity employed for irrigation. 
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6. CONCLUSION 

This paper has presented a standalone PV system with battery storage to supply a house with its electrical 

energy requirements. The optimized energy management system developed has proved the utilization 

of the power available to pump the water fluid quantity for irrigation. Therefore, the exploitation of this 

energy increases the global efficiency. Inversely, the conventional power management algorithm doesn’t 

address the problem of excess power available. The surplus energy should be dissipated as heat or used 

for other applications, such as water pumping systems. Adequately, the simulation findings approve the 

robustness and the accuracy of the developed techniques to extract maximum power effectively. The 

proposed energy management algorithm facilitates the accurate operation among the proposed system 

components, and it’s suitable for protecting the batteries against deep charges and overcharges. The 

maximum power generated by the PV panels is achieved successfully with the fuzzy incremental 

inductance MPPT Algorithm. This research is limited to the simulation and design of the suggested 

system within the MATLAB/Simulink environment. As a future work, the real experimental setup will 

be addressed to verify the simulation findings. 
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APPENDIX 

Table A1. Induction motor parameters (Abdessemed,2011) 

Parameters Value Parameters Value 

Rated power (kW) 2.2 Stator inductance (H) 0.156 

Stator resistor (Ω) 1.15 Rotor inductance (H) 0.156 

Rotor resistor (Ω) 1.440 Mutual inductance (H) 0.143 

pair of poles number 2 Inertia moment (kg .m²) 0.024 

Table A2. Centrifugal water pump parameters. 

Parameters Value 

Nominal Water quantity (m3/s) 0.0045 

The net head of the pump (m) 20 

The efficiency of the centrifugal pump 0.413 
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