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ABSTRACT 

A Fuzzy energy management algorithm for a photovoltaic 

water pumping installation is presented and validated 

experimentally, using a plant composed of photovoltaic 

panels, battery banks, DC/AC converters, relays and a water 

pump. Considering many criteria related to the battery safe 

operation, fulfilling the water volume needed by the crops and 

ensuring a continuous function of the pump, the algorithm 

decides the switching of the relays, which link the installation’ 

components. The algorithm is evaluated for a specific case 

study: tomato irrigation in Tunisia. Obtained results confirm 

that the irrigation water demand is covered during the season 

with a minimum use of the battery. 
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1. INTRODUCTION 
Currently, there exist many remote agriculture sites without 

access to an electricity grid. Extending the main utility grids 

to these remote locations is possible, but not cost effective [1- 

2]. Hence, electricity is usually provided to these remote areas 

through stand-alone power systems. For agriculture 

applications, diesel power plants are generally used for water 

pumping, in such distant areas, since they are reliable, easily 

available and easy to use. However, experience has 

demonstrated that there are significant limitations associated 

with this method of power generation, such as the high cost to 

run and maintain the diesel engine, and in particular the diesel 

transportation high cost [3] and the environmental pollution 

[4]. Consequently, water pumping installations based on 

renewable energies are increasingly deployed in remote areas. 

In fact, several works have focused on photovoltaic irrigation 

systems. For instance, [5] found that photovoltaic energy is 

more efficient than diesel engines in water pumping 

installations, in terms of economic and environmental 

arguments. Moreover, [6] compared the use of photovoltaic 

and wind energy for water pumping and found that, in well 

sunny sites, photovoltaic energy is more efficient than wind 

energy for water pumping. 

Hence, many researches have been developed to enhance the 

efficiency of photovoltaic based installations destined for 

water pumping [7, 8]. For example, [9] focused in 

determining the optimum sizing for the water pumping 

photovoltaic installations. Others works concentrated in water 

pump modeling and control [10] or in the system modeling 

and simulation of photovoltaic generators and converters used 

to feed asynchronous machines actuating a centrifugal pump 

[11, 12]. Researchers also established some management 

algorithms to the optimum use of photovoltaic energy [13], 

using intelligent tools. 

In this sense, Fuzzy logic has been used for the energy 

management in photovoltaic based systems [13, 14]. Indeed, 

in autonomous photovoltaic installations, which are composed 

of photovoltaic panels, a battery bank and converters, fuzzy 

logic has been used to optimize the photovoltaic energy 

generated, to guarantee the installation’ autonomy, ensure a 

safe operation for the battery’ bank and supply the loads [13, 

15]. Moreover, this tool has been used in renewable based 

installations, which supply controllable loads [14, 16] and 

constant critical and non-critical loads [17]. Furthermore, 

owing to its simplicity in implementation, Fuzzy logic has 

been used in simpler applications, such as agriculture. For 

instance, it has been used to decide the irrigation schedule and 

nutrient injection, depending on the climatic parameters (solar 

radiation, humidity, etc.) [18]. This tool has also been used for 

controlling the internal climatic variables in greenhouses [19] 

and for the energy management of water pumping 

installations, in which optimum algorithms called Fuzzy 

Management Algorithms (FMA) have been used to maximize 

the pumped water [13, 15, 20]. 

The efficiency of this tool in various applications is given by 

its ease of use. In fact, in some problems, it is complicated to 

give an exact value for criteria, such as in case of energy 

management [13, 14]. Thus, fuzzy logic is considered a good 

method for these types of problems, since it gives the 

possibility to describe system behaviors, or decide control 

decisions using linguistic rules [20, 21]. Moreover, based on 

the expert knowledge, the fuzzy rules are written in a simple 

linguistic manner that describes the adopted approach in 

taking control decision. Mamdani-type fuzzy logic is used 

within the management algorithm, as it is simple to learn for 

operators with little technical training [15, 22] and can be 

implemented using standard components, such as 

Programmable Industrial Controllers [23]. Hence, when 

energy management is based on case study, it is obvious to 

choose fuzzy logic as a control tool. 

This paper presents a continuation of previous published 

works which studied the pumping management algorithm for  
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Fig. 1. Scheme of the off-grid photovoltaic irrigation system 

irrigating tomatoes [24]. The present paper focuses on the 

experimental validation of an energy management algorithm 

of the autonomous photovoltaic irrigation plant, presented in 

Fig. 1. Photovoltaic panels are coupled to a lead-acid battery 

bank to ensure the energy availability, even if the irradiation 

is low. Based on some previous proposals [15, 16, 21], a 

general fuzzy management algorithm (FMA) is proposed and 

validated here. Using meteorological measurements, namely 

the solar radiation and the ambient temperature, and the water 

volume needed by the plants, the algorithm decides the 

switching of the relays, which link the installation’s elements, 

to ensure a continuous pump supply and a safe battery bank 

operation. The connection or disconnection of the components 

is decided by fuzzy rules, which depend on the measured 

Photovoltaic Panel Generation, the depth of discharge of the 

battery bank, the water level in the reservoir and the water 

flow (Fig.2). 

The detailed fuzzy management algorithm is presented in 

section 2, where the management strategy and the algorithm’s 

execution are explained in depth. Obtained experimental 

results are presented and discussed in section 3. Finally, 

section 4 gives a conclusion. 

2. ENERGY MANAGEMENT 

ALGORITHM 
The energy management algorithm aims to optimize the use 

of the electrical energy produced from a photovoltaic system 

composed of a photovoltaic generator and a battery bank, 

which supply a water pump (Fig.1). The fuzzy management 

algorithm (FMA) principle is explained here [24, 25]. 

2.1 Management Strategy 
A management algorithm is established to meet the crops’ 

water need through the control of the relays, which link the 

system’ components (Fig.2). Hence, the fuzzy algorithm is to 

decide the interconnection time of the system elements using 

only the expert knowledge [13, 16, 24]. 

In fact, the energy management algorithm is based on four 

steps: the knowledge base of the expert, the fuzzification, the 

inference diagram and the defuzzification [14, 20, 24]. The 

interconnection time decision of the system components is 

made by means of fuzzy rules that fulfill the following 

objectives: 

O1) Minimize the use of the battery bank. 

O2) Provide the required irrigation when needed, by storing 

water in the reservoir. 

O3) Protect the batteries against the excessive charge and 

discharge, by disconnecting them, respectively, from 

PVs and the pump when they are not used. 

O4) Ensure a continuous power supply, especially during 

weather changes. 

As photovoltaic power is used to supply the pump and the 

batteries, the water pumping is normally performed during the 

daylight to minimize the battery use. This facilitates to keep 

the depth of discharge of the battery bank ( dod ) between two 

fixed values mindod  and maxdod , for a continuous pump 

operation (that stops when the tank is full or the battery 

discharged). 

The management algorithm decides the switching times of the 

three relays bR , lR  and lbR , that connect the photovoltaic 

system elements (Fig. 3). Hence, it is necessary to establish 

some criteria that define the algorithm efficiency. These 

criteria are related to: 

i. The photovoltaic energy produced by the panel pvP . 

ii. The battery depth of discharge dod . 

iii. The water volume in the reservoir L . 

The management criteria are defined as follows: 

a) When the reservoir contains enough water, store the 

excess of photovoltaic energy in the batteries. 

b) Maintain a high water level in the reservoir to guarantee 

the water volume needed for the crop irrigation. 
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Fig. 2. The structure of the proposed energy management 

algorithm 

c) Ensure a depth of discharge dod  less than 
maxdod  to 

protect the battery against deep discharge, and greater 

than 
mindod  to protect it from excessive charge. 

d) Ensure a margin of 10% of the photovoltaic power: the 

pump can be connected only to the panel if the measured 
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photovoltaic power is 10% higher than the required power 

by the pump, to guarantee a continuous power supply for 

the pump. 

During the day, the instantaneous power 
pumpP  verifies 

that: 

pump pv BatP P P   (1) 

and the current absorbed by the load 
pumpI  is just: 

pump pv BatI I I   (2) 

According to the fourth criterion, the panel supplies the 

load alone if it can provide at least 110 % of the demand. 

This criterion is to guarantee the stability of the supply. 

Thus: 

1 1pv pumpI . I  (3) 

The proposed energy management algorithm is performed 

via two steps: The first step consists in the acquisition of 

the climate-related installation site parameters, which 

allows the photovoltaic power 
pvP  to be estimated. The 

second step is to deduce the load connection times and 

duration to the power sources (Fig. 3). 

2.2 Switching Mode 
To achieve our objectives listed above, six operating modes 

for the three relays 
bR , 

lR  and 
lbR  have been defined: 

1/ At night, in normal conditions, the volume in the tank is 

full, so all the switches are off (mode 1). This mode is 

maintained during the irrigation period where the tank 

volume decreases. 

2/ In the early hours of the morning, mode 2 is possible since 

the battery and the panels provide the pump with electric 

power to ensure the water pumping. In this case, the relays 

lR  and 
lbR  are on. 

3/ The third mode (mode 3) consists in pumping water and 

charging the battery with the energy in excess. In this case, 

the relays 
lR  and 

bR  are on. 

4/ When the reservoir is full, the photovoltaic energy 

produced by the panel is used in total to charge the battery. 

This is possible when the battery is discharged and it 

corresponds to mode 4. 

5/ The relay 
lR  is switched on during the fifth mode (mode 

5), to allow the pump supplying. This is possible when the 

panel produces the sufficient power to the pump with an 

excess of 10%. 

6/ During mode 6, only the relay 
lbR  is switched on. This 

mode is possible during the night when the water volume 

in the reservoir is less than the volume needed to irrigate 

the crops for the corresponding month. 

2.3 Fuzzy Management Algorithm 
Fuzzy decisions are built upon four steps [15, 16, 21, 25]: the 

creation of the knowledge base, the fuzzification, the 

inference diagram, and the defuzzification. These four steps 

are now presented in detail. 

2.3.1 Knowledge Base 

The knowledge base is generated on the basis of 

specifications analysis: 

Photovoltaic power pvP  

The photovoltaic generated power pvP  is periodically 

measured and then partitioned in three fuzzy sets that cover 

the interval [0,  0 pv maxX P,     at low, medium and high 

generation levels, respectively: 

      1L M Hx X , μ x μ x μ x      (4) 

where  Lμ x ,  Mμ x  and  Hμ x  are, respectively, the low, 

medium and high membership functions at the measured 

power level x . 

Battery dod 

It is composed of three fuzzy sets that cover the interval 

 0 maxdodD ,     at low, medium and high production levels, 

respectively, and verify: 

      1dL dM dHd D, μ d μ d μ d      (5) 

where  dLμ d ,  dMμ d  and  dHμ d  are, respectively, the 

low, medium and high membership functions of dod  d . 

Stored water v 

The third partition is composed of three fuzzy sets in the 

interval  0 max,VV   which verify: 

      1vL vM vHv V , μ v μ v μ v      (6) 

where  vLμ v ,  vMμ v  and  vHμ v  are, respectively, the 

membership functions of v . 

As the definition of low, medium and high depends on the use 

of the auxiliary sets, the following fuzzy variables are defined: 

 Month M 

This partition is composed of as many fuzzy sets as months, 

given by the interval  1 2 tM m , m ,..., m  and verify: 

     
1 2

1
tm m mm M , μ m μ m ... μ m     

 (7) 

Where  
imμ m  are the membership functions corresponding 

to the month m . 

 Water level L  

This partition is composed of as many fuzzy sets as months, 

denoted by the interval  1 2 tL l , l ,...,l . The interval of the 
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Fig. 3. Energy management strategy 

possible water  0 maxL , L  is covered by these sets and 

verify: 

     
1 2

1
tl l ll L, μ l μ l ... μ l       (8) 

where  
il

μ l is the membership function corresponding to 
il  

evaluated at l . 

Power difference P  

This partition is composed of two fuzzy sets  1 2F f , f  and 

verify: 

   
1 2

1f ff F, μ f μ f     (9) 

where  
ef

μ f  is the membership function corresponding to 

ef  evaluated at f . 

Relays l b lbR , R , R  

To decide the switching of the relays l b lbR , R , R , depending 

on the fuzzy variables x, d and v, two fuzzy sets are planned 

 O on,off . They cover the domain  0 1O ,  and verify 

o O  : 

   

   

   

1

1

1

off r on rl l

off r on rb b

off r on rlb lb

μ o μ o

μ o μ o

μ o μ o


 




 


   (10) 

where the switching controls given to relays are provided by 

the membership functions corresponding to l b lbr , r , r  

respectively, evaluated at o . 

Based on this structure, the fuzzy rules for the relays’ 

switching time are classified according to three intervals of 

dod : 

0
maxdLdod X , d     : the panels and/ or the battery bank 

supply the pump, 

min maxdL dMdod Y d , d     : supplying the pump is preferred 

than charging the battery, 

min maxdM dLdod Z d , d     : charging the battery bank is 

preferred to supplying the pump 

when the panel produces 

insufficient power to the pump. 

2.3.2 Fuzzification 
Photovoltaic power pvP  

The membership functions of      0 0 0L i M i H iμ x , μ x , μ x  

corresponding to pvP  are expressed as follows: 

 
0

0
0

1 0

-

0

min

min max

i

L

i
L i L L

x

if x x
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ε
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H
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 (13) 

Battery depth of discharge dod  

The membership functions of      0 0 0dL k dM k dH kμ d , μ d , μ d  

corresponding to dod  are expressed as follows: 

 
0

0
0

1 0

-

0

min

min max

k

dL

k
dL k dL dL

d

if d d

d d
μ d if d d d

ε

otherwise

  


  



 (14) 
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Water volume v  

The membership functions of      0 0 0vL j vM j vH jμ v , μ v , μ v  

corresponding to the water volume v  are expressed as 

follows: 

 
0

0

0

1 0

-

0

min

min max

j

vL

j

vL j vL vL

v

if v v

v v
μ v if v v v

ε

otherwise
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Power difference P  

The membership functions of    0 0fL e fH eμ f , μ f  

corresponding to P  are expressed as follows: 
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Switching control of the relays b l lbR , R , R  

The relay membership functions  0l b lboff r ,r ,r zμ o and  

 0l b lbon r ,r ,r zμ o  corresponding to the relays b l lbR , R , R  are 

expressed as follows: 

 
0

0
0

1 0

-

0

min

l b lb min max

z

off

z
off r ,r ,r z off off

o

if o o

o o
μ o if o o o

ε

otherwise
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2.3.3 Inference Diagram 
Based on the fuzzified inputs, the rules set serve to decide the 

relays’ switching control, which are deduced using the modes 

explained previously. The control signals of the relays are 

given following this equation: 

1

0
0 1

0

l on

l on

on r on

l ,b ,lb

r on

r dr

r

dr










 (24) 

2.3.4 Defuzzification 
The control of the three relays is deduced by (Fig. 4): 

0 5l ,b,lb l ,b,lbIf r . then R is off  (25) 

0 5l ,b,lb l ,b,lbIf r . then R is on  (26) 

3. RESULTS AND DISCUSSION 
In order to test the proposed algorithm efficiency, the 

algorithm is experimentally validated using measured climatic 

data of a land planted with tomatoes, located in the Northern 

of Tunisia ((latitude: 36.64°, longitude: 9.60°). This 

application is prompted by the fact that tomatoes must be 

irrigated regularly, especially during flowering and fruit 

formation [26]. The irrigation is gravity-based: 200 3m / h  

just before sunrise, to irrigate a 10 ha field by a low-pressure 

gravity-driven drip system. 

3.1 Algorithm Parameterization 

3.1.1 Photovoltaic Power pvP
 

The photovoltaic power pvP  is classified as follows: 

 0 10pv pvIf P then P is considered low

 10 4500pv pvIf P then P is considered medium

 4500 10000pv pvIf P then P is considered high

3.1.2 Battery Depth of Discharge dod 

The battery’ non-linear model detailed in [13, 21] is used here 

to evaluate the dod , which is classified as follows: 

 0 0 02If dod . then dod is considered low.  

 0 02 0 9If dod . . then dod is considered medium.

 0 9 1If dod . then dod is considered high.  

3.1.2 Stored Water Volume v 
Using the water need model [24, 26], the water volume V 

corresponding to each month of tomatoes’ vegetative cycle at 

the target location is: 

The mean water volume of March (
1m ) is 

1l = 60 
3m / day.  

The mean water volume of April (
2m ) is 

2l = 100 

3m / day.  

The mean water volume of May ( 3m ) is 3l = 179 
3m / day.  
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The mean water volume of June (
4m ) is 

4l = 241 
3m / day.  

The mean water volume of July ( 5m ) is 5l = 321 
3m / day.  

The fuzzification of the water volume depends on the month 

and is described in Table 1. 

3.2 Experimental validation and discussion 
A scale plant installed in the laboratory in the Engineering 

Systems and Automatic department of the University of 

Valladolid has been used. The plant is composed of a pump, a 

0.05 3m  reservoir, a 150 W Programmable Power Supply, 

which is used as photovoltaic panel associated to an MPPT 

bloc, and a 12A.h/12V lead-acid battery. The fuzzy algorithm 

decides the switching of the relays that link the PPS, the 

battery and the pump. The simulation’ results of the fuzzy 

management algorithm are presented in Fig. 4. The 

experimental results are presented in Fig.5 and Fig.6. 

In fact, in Fig.4, during the morning, both the battery bank 

and the panels supply the pump, since the battery bank is 

charged. This corresponds to (mode2). During the day, when 

there is an energy excess, it is used to charge the battery bank 

by switching on the relays lR  and bR  (mode 3). Mode 5 is 

possible when the battery bank is full and the panel produces 

just 110% of the power needed by the pump. In this case, only 

the relay lR  is switched on. At sunset, the dod is maintained 

below 0.9 and the reservoir is full (mode 1). 

The experimental results, illustrated in Fig. 5, show that the 

algorithm allows the pump to be supplied and the battery’ 

bank safe operation to be ensured thanks to the control’ 

switching of the relays b l lbR , R , R .In fact, in Fig.5, the case 

when the panel produces energy in excess (case 1) is 

presented. In this case, two operation modes are possible: in 

mode 3 the relays lR and bR  are switched on since the 

reservoir is medium and the battery bank’ dod is medium. 

When the reservoir is full, the relay lR  is switched off and all 

the energy generated from the PPS is used to charge the 

battery’ bank (mode 4). 

When the panel produces unsufficient power to the pump’ 

operation (case 2) (Fig.6), the relay lbR  is switched on and 

thus, the battery bank supply also the pump. In this case, the 

relays lbR  and lR  are switched on (mode 2). 

Hence, Fuzzy logic allows the optimization of the energy 

generated to be ensured, the water volume needed by the 

crops to be pumped and ta safe battery bank’ operating. 

 

 

Fig. 4. Fuzzy energy management results for a typical day 

in July 

 

 

Fig. 5. Experimental results for the Fuzzy algorithm in 

July (case 1) 
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Table 1. Water fuzzification corresponding to each month M 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Experimental results for the Fuzzy algorithm in 

July (case 2) 

4. CONCLUSION 
A fuzzy algorithm for the energy management of a 

photovoltaic irrigation installation composed of photovoltaic 

panels, a lead-acid battery bank and a submerged pump, has 

been presented and experimentally validated. The algorithm 

makes decisions on the interconnection time of the 

photovoltaic panel, the battery bank and the pump, by taking 

into account some constraints related with the photovoltaic 

power generated, the battery depth of discharge and the 

amount of stored water. 

The algorithm has been tested in a 1:215 pilot system for a 

specific case study (tomatoes’ irrigation) during the most 

critical month for the crops (July), with photovoltaic energy 

produced by a controllable power supply, a lead- acid battery 

bank and a water pump. Using data from the target location, 

the experimental results show that the algorithm ensures 

pumping the water’ volume needed by tomatoes, the system 

autonomy and the battery bank’ safety. It must be pointed out 

that the proposed algorithm is general, in the sense that it can 

be used for PV irrigation of systems of different sizes, by 

providing the monthly water demand. 

As a general conclusion, we have shown the efficiency of 

fuzzy tool in the energy management for water pumping 

installation, and that a simple energy management system can 

improve the operation of off-grid PV systems. 
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