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Abstract- This paper presents a fuzzy logic optimization a photovoltaic pumping system. In this study, a photovoltaic source is 

connected to a three phase inverter which supplies an induction motor-pump. In addition to the induction motor pump, the 

hydraulic part of this system contains two communicating tanks. The effectiveness of these systems depends on the adequacy 

between the generated electrical energy and the quantity of the pumped water. Our designed strategy aims to exploit the 

maximum of the available energy whatever the climate conditions to pump water. Measurements made on the studied system 

demonstrate that the designed approach improves the efficiency.  
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1. Introduction 

Water is vital to all living beings on the earth. The 

pumping is performed for managing the water resources on 

different fields (surface water, groundwater, desalination, 

agriculture or industry). In this context, several renewable 

energies sources such as wind, photovoltaic and biomass are 

used in water pumping systems.  

Using photovoltaic energy to pump water is a suitable 

solution for the arid and semi-arid zone. This energy has the 

advantage for being present and clean. In addition to that, 

electrical energy produced by photovoltaic effect is very 

attractive and is somehow a symbol of "modernity". 

However, conventional energies present the constraints of 

distance from the electrical network, the constraints of 

transporting fuel and periodic maintenance for diesel 

generators. 

Several existing works in the literature have been interested 

on photovoltaic pumping systems. We can find works which 

focus on modelling the water pump system [4,5], other works 

are oriented to the design of these systems [13,14].  

The photovoltaic pumping occurs basically in two ways 

depending on the nature of storage. Stations that contain 

batteries that store electricity generated by photovoltaic 

panels[2][11]. The second type contains stations that operate 

on the sun wire. In this case, a tank is used to store the 

pumped water until it is used. This later is called hydraulic 

storage [1].  

To extract as much water with photovoltaic pumping systems 

that use hydraulic storage, we need to design a control 

strategy that takes into consideration the variation of the 

climate Conditions. The object of our work consists on 

exploiting all produced photovoltaic energy to pump, as 

much, water and store it in a tank. We have designed a 

controller that takes account of the climate condition which 

affects the produced energy. This controller will direct the 

pump to the optimal operating point through the adaptation 

system. 

For that, we will start by modelling the studied system. Then 

we will present the control law that manages the system. 

After that, we will interpret the obtained measures. By the 

end, we will conclude our work.  
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2. Modelling of the Studied System  

The adopted structure operates over the sun without batteries 

storage, where pumped water can be used either directly or 

indirectly through its storing in a tank for later use. This 

method, which is called hydraulic storage, is more used than 

electrochemical storage. Fig. 1 illustrates the studied system. 

 

Fig. 1. Synoptic of the studied system. 

2.1. Modelling of photovoltaic generator  

The conversion of solar radiation into electricity by the 

photovoltaic process is one of the exploitation means of solar 

energy. Modelling PV generators can be illustrated by 

several ways such as graphic, empiric or analytic [2]. We 

choose the analytic way because it guaranties a good 

precision [3]. A photovoltaic panel is mathematically 

modelled by the following equations: 

The electrical current produced by photovoltaic panel Ipv is 

given by: 

 (1) 

Electrical current of diode Id is given by:  

 

 

(2) 

Vpv is the photovoltaic voltage, n is the ideality factor of a 

diode, C is the number of cells in series per module (panel), 

and Rs is the series resistor. 

Vt is given by: 

  

(2) 

q is the elementary charge in Coulomb, K is the Boltzmann 

constant and T is the temperature of photovoltaic cell. 

Is refers the saturation current, it highly depends on the 

temperature: 

 

 

(4) 

Eg is the gap energy and Tref is the reference temperature of 

photovoltaic cell. 

Irs is given by 

  

(5) 

We note by Voc the open circuit voltage of the photovoltaic 

panel. Isc represents the short circuit electrical current of the 

photovoltaic panel. 

The variation of Iph is related to the solar radiation Irr and cell 

temperature. The following relation proves this relation [4]: 

 (6) 

Ki is the coefficient of temperature. 

Eventually the current of the shunt resistance Ish is 

calculated by: 

 (7) 

Rp is the shunt resistor.  

Table I shows panel's data at Standard Test Condition for a 
Kaneka GSA 60 panel which we have used during this work. 

We note by Pmax the maximum power generated by 
photovoltaic panel at Standard Test Condition, Vmpp is the 
maximum voltage related to the maximum power, Impp is the 
maximum current related to maximum power.  

Table 1.  Parameters of the Photovoltaic panel KANEKA 

GSA60 

Pmax  (W) 60 

Vmpp (V) 67 

Impp (A) 0.9 

Voc (V) 92 

Isc (A) 1.19 

In fact, the change of the climate conditions (irradiance and 
temperature) directly influences photovoltaic array. For thus, 
when the irradiance decreases power decreases. By the way, 
an increase in temperature causes a decrease on power. For 
thus it is so necessary to adapt these behaviors with the load. 
When we connect the source with the load we have to 
consider these changes in the power output of the PV 
generator, not to highlight the characteristic of the load so, 
that the working point would be possible. 
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2.2. Modelling of induction motor  

The model of induction motor is obtained by applying 

Concordia and Park transformation. The first transformation 

aims to transform the three phases referential into two phases 

referential in order to facilitate the compute. We should 

mention that this transformation conserve instantaneous 

power. However Park transformation allows transition from 

alternatives magnitudes to continuous quantities. 

Park transformation is defined by:  
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Concordia transformation is defined by:  
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We note by s the rotation angle of the stator, precisely the 
angle between stator and the d-axis. 

The electrical equations noted in the three phases referential 
(a, b, c) are: [3] 

At the level of the stator:  
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We note by Rs is resistances of Stator, Us(a,b,c) are the 
voltages of Stator , is(a,b,c) are the currents of the stator and  
Φs(a,b,c): magnetic flow of the stator. 

At the rotor: 
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Rr are the rotor resistances, Ur(a,b,c) are the rotor voltages, 
ir(a,b,c)are the rotor currents and  Φr(a,b,c): magnetic flow of 
the rotor. 

 At the stator:   
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[χ] represents inductance matrix (we note by s: stator, r: rotor 
and M: mutual), Ms is the mutual inductance between two 
stator phases, ls is the own stator inductance, Msr is the mutual 

inductance between stator and rotor and  is the angle 
between the stator and the rotor. 

At the level of the rotor:                 
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We note by lr the own rotor inductance. Mr is the mutual 
inductance between two rotor phases. 

The mechanical equation of the induction motor is: 

rem TT
dt

d
J 



 

          

(15) 

Ω is the real speed, Tem is the electromagnetic torque, Tr is the 
resistive torque and J is the moment of inertia. 

Applying the theorem of Ferrari, we get [4] 
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LM is the cyclic mutual inductance, np is the number of pole 
pairs, Lr is the cyclic rotor inductance. 
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If we apply the Park transformation to the equations (16) we 
get:  

 )rqsdrdsq
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 (17) 

Where Isd is the stator current (d-axis), Isq is the stator 
current (q-axis), Φrd is the rotor magnetic flow (d-axis) and 
Φrq is the rotor magnetic flow (q-axis).  

2.3. Modelling of centrifugal pump 

A centrifugal pump is a rotary machine that allows the 

transportation of liquid inside the hydraulic network. This 

machine is characterised by geometric height, level of 

elevation (Z) and pressure (p). The calculation of centrifugal 

pumps is effected by dimensional analysis and by Euler's 

theorem. 

Q is the flow provided by a centrifugal pump as the volume 

discharged during the time unit.  

Hpompe is the energy supplied by the pump at the weight unit 

of the flowing liquid through it. This height depends on the 

flow rate. It is represented by the characteristic curve Hpompe 

= f (Q) for constant speed given by the manufacturer. [2] [4] 

 Qb QΩbΩ b H m mpompe
2

210
2   (18) 

The coefficients b0, b1 and b2 are based on the internal 

geometry of the pump and independent of the speed of 

rotation. They can be determined experimentally by meeting 

three points of the Hpompe characteristic. 

The centrifugal pump has a characteristic of the resistant 

torque Tr () proportional to the square of its rotational 

speed m which is given by the following equation 

aerodynamic [1]: 

Tr() = C2 m
2 (19) 

  C2 is the torque constant of the pump. 

The useful mechanical power Pm supplied by the drive motor 
to the pump is: 

Pm = C2 m
3 (20) 

The mechanical losses on the level of the shaft of the pump 

are represented by TfV (), it is described by the following 

expression in which C1 is the viscous friction coefficient. 

Tfv = C1 m (21) 

Couples presented above is added acceleration torque       

J.dm / dt, where J is the total inertia of the mechanical 
system and t is time, thus electromagnetic torque is described 
by the following expression: 

Tem = C2 m
2 + C1 m  + J 

dt

dΩm
 (22) 

To determine the operating point we must begin with the 

structure below 

 

Fig. 2. Synoptic of Hydraulic system. 

With the generalized Bernoulli relationship, we can explain 
the manometric height Hpompe of the pump through: 
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Hp is the total geometric height, p1 is the inlet pressure, p2 is 
the outlet pressure, v1 is the suction velocity, v2 is the 

discharge speed, 
ρg

p
pressure height, 

g

v

2

2

 is the dynamic 

height, Z is the position height and  Σhi are the losses in the 
suction and discharge. 

When we neglect the terms of speed and we assume p1 = p2, 
the term of the height of the hydraulic system is given by: 

Hcircuit = Hp +  Q2 (24) 

The operating point of the installation is the intersection 

between Hpompe (Q) at constant speed and Hcircuit (Q) (defined 

by the flow rate Q on which the pump is automatically 

adjusted).  

This intersection is expressed by the following relationship: 

 Q Ψ H  Qb QΩbΩ b p m m
22

210
2   (25) 
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01

2
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(26) 

This is a second degree equation Q, its resolution is used to 
determine the water flow generated by the pump for a given 
speed of rotation. This pump begins to generate a flow rate 
from a minimum speed defined by [6]: 
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We will discuss three possible cases following the recorded 
value of the speed: 

If   Ωm  < Ωmin  there is no flow generated by the pump, that’s 
means: 
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If   Ωm = Ωmin the pump starts delivering water: 
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If   Ωm> Ωmin   expression rate is given by: 
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In the case where tanks are constantly connected to each other 
and on the same plane (case of our application), the rule will 
be: 
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Electrical specifications of induction motor-Pump are 
described on table II. 

Table 2. Specifications of EBARA induction motor-pump. 

Nominal output power (W) 370 

Nominal electrical power(W) 550 

Max Flow Rate (l/min) 35.60.9 

Max head (m) 7 

Statoric resistor() 24.6 

Rotoric resistor () 16.1 

Mutual self(H) 1.46 

Rotoric self (H) 1.48 

Statoric self(H) 1.49 

C1(kg.m-2.s-1) 1.75. 10-3 

C2(Kg.m-4.s-2) 7.5. 10-6 

J(Kg.m-1) 6.5. 10-3 

b0 (min2.m.tr-2) 4.52. 10-4 

b1(m.min2.tr-1.L-1) -1.966.10-3 

b2(min2.m.L-2) -0.012 

Ψ(min2.m.L-2) 4.0816 10-3 

3. Control law 

Using MPPT control does not guarantee the maximum 

system efficiency. For thus, and in order to improve the 

robustness of the control strategy against the variations of 

climate condition, we design a fuzzy controller which can 

find the optimal speed related to each irradiance and 

temperature value. Figure 10 illustrate the principle of 

operation of the fuzzy controller 

 

Fig. 3. Control law structure 

3.1. Scalar control 

We have used in this work the scalar control. This strategy is 

based on the equivalent circuit per phase of the induction 

motor illustrated below: 

 

Fig. 4. Equivalent circuit per phase of the induction motor. 

The magnetic flow is created by the current flowing through 

the magnetizing inductance Lm. The optimum performance 

of the induction motor is obtained if the magnetizing current 

is maintained substantially constant over the entire speed 

range. The magnetizing current can be calculated by the 

following expression: 
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The magnetizing current can be maintained constant by 

keeping constant Vs/f. However, we have to be in mind that 

at low frequencies and  voltages, the term (Rs + Ls)I will be 

significant and a result the maintain of  Vs/f constant will be 

not enough. [5] 

There are various profiles of control laws Vs/f which allows 

the adaptation of different types of  loads encountered [5]. 

We choose the quadratic profile in which the resisting torque 

exerted by the centrifugal pump depends on the square of the 

speed. Therefore we can, and without any effects, reduce the 

motor flux. As result, the supply voltage of the motor at a 

frequency will be lower than the nominal frequency. 
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3.2. Fuzzy logic controller 

Recently, fuzzy logic controller (FLC) is one of the artificial 
intelligence methods which offering high performance, and 
can control complex systems intuitively.  One of the 
advantages of this controller is its ability to understand the 
problems of nonlinearity and exhibit robust performance 
without any undesirable effect.   

Designing Fuzzy Logic controller proceeds compulsory 
through four steps: fuzzification, knowledge base, inference 
engine, and a defuzzification. These four steps are 
summarized in Fig. 5. The principle of the first step is 
transforming numerical data inputs to linguistic terms which 
are understood by fuzzy controller. Knowledge base is the 
data base of the controller which offers necessary information 
for all components of the fuzzy controller [13-15]. The fuzzy 
inference engine is the make-decision step. Finally, 
defuzzification is the reverse step of fuzzification. 

 

Fig. 5. Basic configuration of a fuzzy logic controller. 

The fuzzy logic controller measures climatic conditions and 
then set optimal frequency.  

Using Matlab toolbox “fuzzy logic toolbox”, shown in Fig. 6, 
the designed fuzzy logic controller contain two inputs 
(Irradiance and Temperature) and one output which frequency 
is.  

 

Fig. 6. Graphical interface of the fuzzy logic toolbox. 

 

 

Table 3. Related proprieties of the fuzzy logic controller 

Type of controller Mamdani 

And method Min 

Or method Max 

Implication Min 

Deffuzification Centroid 

We have opted for triangular and trapezoidal functions for 

variables inputs (Fig.11, 12 and 13). They allow for an easy 

implementation and fuzzification step. In addition to that, 

they require little computation time when evaluated in real 

time. 

 

Fig. 7. Membership functions of Irradiance. 

 

Fig. 8. Membership functions of Temperature. 

 

Fig. 9. Membership functions of Frequency. 

We explain the operation of fuzzy controller by the three 
yellow rules as an example. 

If Irradiance is 1, and Temperature 1, then fuzzy controller 
should set frequency at 2. That’s mean; when the irradiance is 
very weak and the temperature is cold the frequency should 
be small.  

If Irradiance and Temperature are medium, then fuzzy 
controller should set frequency at medium value.  

In other case if we have a high irradiance and a high 
temperature, the fuzzy controller should set a high frequency. 
It should be noted that the exact values of the controller 
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constants were found after performing experiences on the 
studied system which helped us to define each membership 
functions.  

Table 4. Fuzzy inference rules 

Rule N° Irradiance Temperature Frequency 

1 1 1 2 

2 2 1 3 

3 3 1 4 

4 4 1 5 

5 5 1 6 

6 6 1 7 

7 7 1 7 

8 1 2 1 

9 2 2 2 

10 3 2 3 

11 4 2 4 

12 5 2 5 

13 6 2 6 

14 7 2 7 

15 1 3 1 

16 2 3 1 

17 3 3 2 

18 4 3 3 

19 5 3 4 

20 6 3 5 

21 7 3 6 

4. Results and discussion 

In order to validate the designed strategy, we have 

implemented the fuzzy controller on STM32F4 Board. 
 

The diagram of implemented algorithm is given by Fig.10. 

 

Fig. 10. Diagram of the implemented algorithm. 

Under Cube-Mx software, we present the used peripherals on 

STM32F4 Board (fig.11.) with green color.  

 

Fig. 11. The used peripherals on STM32F4 Board. 
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The two ADC (Analog Digital Converter) pins are used for 

reading climatic conditions. DAC (Digital Analog Converter) 

pin is used to transmit optimal frequency to DV51 inverter 

which includes the scalar control. The other GPIO-Output 

ensure the communication with LCD display. 

Fig.12. shows the connection between the different elements 

of the studied system. Climatic conditions (irradiance and 

temperature are acquired through a photo-resistance and 

LM35 sensor. The STM32 F4 Board set the optimal speed 

which transferred to the inverter. The DV51 is a three phase 

inverter which includes a scalar control.  

 

Fig. 12. Connection of STM32F4 Board to the studied system. 

Induction motor-pump (element2) transfer water from left 

tank to right tank (element 6) as shown in fig.13. The 

hydraulic system includes different sensors: pressure 

(element 7), and flow (element 5). The pipe (element 3) is 

connected by a valve assembly (element 4). For this 

installation, we have to combine four photovoltaic panels in 

series.  

 

Fig. 13. Real picture of the studied System. 

Fig.14. shows connection between LCD Display and 

STM32F4 Board. Figure.15. illustrates data display through 

LCD in real Time.  

 

Fig. 14. Connection between LCD Display and STM32F4 

Board. 

 

Fig. 15. LCD data displays. 
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After the controller was designed and implemented, we 

carried out such measures during two days: October 03rd 

2016 and October 23th 2016. 

Fig. 16 and 17 present the behavior of the irradiance and of 

the temperature during these two days. 
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Fig. 16.  Measure of Irradiance. 

9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
26

26.5

27

27.5

28

28.5

29

29.5

30

Time (hour)

T
e
m

p
e
ra

tu
re

 (
°C

)

 

 

October 3t 2016

October 23th 2016

 
Fig. 17.  Measure of Temperature. 

The behavior of the climatic condition have allowed us to 

achieve results as shown in Fig. 18, 19, 20 and 21that are 

related to the flow rate and Power of each element. 
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Fig. 18.  Measure of the flow rate. 
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Fig. 19.  Photovoltaic power behaviour. 
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Fig. 20.  Mechanical power behaviour. 
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Fig. 21.  Hydraulic power behaviour. 

As we can see, the use of fuzzy logic controller has 

guaranteed an optimal photovoltaic power against the  

climatic conditions variations during the recorded days. It is 

clear that the produced power absolutely depends on 

irradiance. Our fuzzy technique has generate an optimal 

frequency that kept increasing function is almostly with the 

irradiance. We have seen that temperature change is less 

important on the system behavior. This configuration allows 

water to be pumped with a flow rate that ranges between 18 

and 29 liter per minute (fig.18.). The optimum quantity of 

pumped water is obtained for a nominal speed tha is 

delivered at a mechanical power which is around 211W 

(fig.20). 
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5. Conclusion 

The recorded measurements show clearly the robustness of 

the designed fuzzy controller against climatic condition 

changes have allowed transferring maximum efficiency to 

the pump. These results appear satisfactory. This technique 

was validate by experiment results. 
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