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The article proposes a novel method using the artificial neural network 
(ANN) for the improvement of the performances of a photovoltaic system 
composed of a photovoltaic (PV) array, an inverter, a motor asynchronous 
and a centrifugal pump. For this type of system, different optimization 
strategies have been proposed to improve the over of the PV system 
efficiency, i.e. the PV generator is forced to operate at its maximum power 
point “MPPT”, generally, by the insertion of DC/DC boost converter 
between the photovoltaic array and the inverter. In this work we propose an 
approach, where optimization is realized without need adding a DC/DC 
converter to the chain, using field-oriented control through the monitoring of 
the voltage-fed inverter frequency. The motor is also ensured in all insolation 
conditions. A multilayer feed forward perception type NN is proposed for 
MPPT control, and the back-propagation algorithm is used for training. The 
performances of the drive with ANN-based MPPT are excellent. The 
maximum power point (MPP) can be easily obtained to frequency-controlled 
drive. 
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1. INTRODUCTION 

The Saharan medium by its arid nature and the availability of solar immense can return the 
application of the water pumping via photovoltaic (PV) solar pumping, like a very important and the most 
attractive operation in the agricultural and industrial domains. 

During the day, the speed of the motor asynchronous depends on the temperature and the quantity of 
the solar radiation that is fallen on the photovoltaic panels to extract the maximum power. This latter, is 
obtained by the proper adjustment of the inverter frequency (by increase or decreasing) instead of the MPPT 
circuit (maximum power point tracker), inducing a total improvement of the efficiency of the system without 
need adding a DC/DC converter to the chain. On the other hand, the flow daily and the efficiency of the 
motor-pump for a total head (HMT) depend on the speed (related to the stator frequency) if we considered 
that the number of stages is fixed (i.e Standard Centrifugal Pump, SCP) [1], [2]. For example, for a given 
speed, the pump functions at an operation point. If irradiance decreases, that involves a reduction speed; the 
system operating point is determined by the intersection point of the (Q, H) characteristics of the motor-
pump. 

The temperature and the radiation have random variation nature. By applying the technique of 
MPPT, the efficiency of the system rises whatever is the solar radiation value and the temperature of the 
environment. This technique was applied by different means [3]. In this study, we execute this technique with 
the use of artificial neural network (ANN). The application of ANN is recently growing in photovoltaic 
system. A feedforward ANN implements nonlinear input-output mapping. A back propagation type 
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feedforward ANN is trained with the databases generated by a procedure that evaluated on a field-oriented 
controlled induction motor drive, it explains in detail in §3. The back propagation training algorithm needs 
only inputs and the desired output to adapt the weight [4]. 
 
 
2. SOLAR PUMPING SYSTEMS 

The photovoltaic system is constituted of a self-piloted asynchronous motor operating a centrifugal 
load. The unit is fed by solar cells through an inverter. Pumping without intermediate power storage enabled 
us to have a simpler photovoltaic system, more reliable; maintenance-fee is less expensive than a system with 
battery [5]. 

The system to be investigated is an immersed centrifugal motor-pump SP5A7 (nominal speed 
2860rpm for an industrial frequency equalizes with 50Hz). 

Figure 1 shows the block diagram of a closed loop field-oriented controlled (FOC) induction motor 
drive incorporating the proposed ANN-based MPPT controller. The command voltage ൫ ௗܸ௦, ௤ܸ௦൯ is generated 
from the frequency or speed ߱ command (irradiance G and temperature Ta dependents). 

 
 

 
 

Figure 1. Field-oriented control of induction motor showing neural network based implementation 
 
 

2.1. Photovoltaic array model 
Some authors have proposed more sophisticated models that present better accuracy and serve for 

different purposes. The basic equation from the theory of semiconductors that mathematically describes the 
I–V characteristic of the PV array, equation (1) describes the single-diode model presented in Figure 2 [6], 
[7]. 
 

 

 

 

 
 

Figure 2. Single-diode model of the theoretical PV cell and equivalent circuit of a practical PV device 
including the series and parallel resistances 
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Where ܫ௣௛ and ܫ଴ are the photovoltaic (PV) and saturation currents, respectively, of the array and ݊௖௦ 

cells connected in series per module. ܴ௦ is the equivalent series resistance of the array and ܴ௦௛ is the 
equivalent parallel resistance. Modules connected in parallel increase the current and modules connected in 
series provide greater output voltages. ௦ܰ and ௣ܰ are the number of modules connected in series and in 
parallel respectively of the entire array. e଴ is the electron charge ሾ1.6 ∙ 10ିଵଽCሿ, ܭ is the Boltzmann constant 
ሾ1.38 ∙ 10ିଶଷJ/Kሿ, ௖ܶሾKelvinሿ is the temperature of the p-n junction, and ܣ is the diode ideality constant. 
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Where ܧ௚ is the bandgap energy of the semiconductor ൫ܧ௚ ≅ 1.12ܸ݁൯ for the polycrystalline Si at 

25Ԩ and ௖ܶ௥௘௙ is the reference temperature. 
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The cell temperature can be determined from ambient temperature and with the help of some 

standard test information: 
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2.2. Inverter Model 

Figure 3 shows a series-connection of single phase inverters. In this asymmetrical multilevel 
topology, each H-bridge must be fed by an individual DC-voltage and is used to increase the multilevel 
converter performances, without adding any complexity in the power circuit [8], [9]. 
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Figure 3. Structure asymmetrical 5, 7 or 9 level cascaded inverter 
ௗଵܷ ݈݁ݒ݈݁ 7 ݁ݎ݁ܪ  ൌ ,ݐ݈݋51.9ܸ ܷௗଶ ൌ 2ܷௗଵ, at standard test conditions (STC) 

 
 

Each couple of switches ሺܭௗ௫, ௗ௫ܭ
ᇱ ሻ, ݔ ∈ ሼ2݆ െ 1,2݆ሽ௝ୀଵ∙∙ଶ is controlled by a couple of switching 

functions ሺܵௗ௫, ܵௗ௫
ᇱ ሻ such that: 
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൜
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ᇱ ∈ ሼ0,1ሽ

ܵௗ௫ ൅ ܵௗ௫
ᇱ ൌ 1

                                                                                                            (12) 

 
The conversion of the switch commutations in to a voltage is described by a conversion function, 

 :ௗ௝ such thatܨ
 
ௗ௝ܨ ൌ ܵௗሺଶ௝ିଵሻ െ ܵௗሺଶ௝ሻ ⇒ ௗ௝ܨ ൌ ሼെ1,0,1ሽ                                                                      (13) 
 
The output voltage of each cell is given by: 
 
ௗ௝ݒ ൌ ௗ௝ܨ ∙ ܷௗ௝ ൌ ൛െܷௗ௝, 0, ܷௗ௝ൟ                                                                                     (14) 
 
With ܷௗ௝ the input voltage of each cell. 
The output voltage of a phase is given by: 
 
௦௢ݒ ൌ ௗଵܷௗଵܨ ൅  ௗଶܷௗଶ                                                                                                   (15)ܨ
 

With: s, s ൌ a, b or c ;  d, d ൌ 1,2 or 3: represent the number of the phase (leg). 
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ܧ is the array input ܧ ൌ ܷௗଵ ൅ ܷௗଶ. 

To improve the output voltage for such inverters, many different modulation strategies have been 
developed. Among these strategies, the SVM (Space Vector Modulation). This technique provide the nearest 
switching vectors sequence to the reference vector that is depends the modulation index r without involving 
trigonometric functions and provide the additional advantages of superior harmonic quality. The generalized 
algorithm being used to determine, for the hexagonal structure, the exact position of the vector of reference 
(detection of nearest three vectors and duty cycles computation) was developed and studied in detail in [9]. 
 
2.3. Motor Asynchronous Model 

The mathematical dynamic model of the asynchronous motor is described in [10], [11] by the 
following equation: 
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݀, -௤௦,  ߮௤௥ are dܫ ,ௗ௦,  ߮ௗ௥ܫ .axes corresponding to the asynchronous reference axes in Park model :ݍ

axis stator current, rotor flux and q-axis stator current, rotor flux respectively.  ܮ௦, ܮ௥, ܴ௦, ܴ௥ and ܯ are: stator 
and rotor main inductances, resistances and mutual inductance respectively. σ dispersion factor,  ߱௦ and  ߱௥ 
are the angular speed of the rotating magnetic and electric fields respectively. 

The induction motor develops an electromagnetic torque ௘ܶ௠ expressed as follows: 
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 .is the number of pole pairs ݌
 
2.4. Centrifugal Pump Model 

The variation of the pump’s speed can give us numerous charts Q-H. The use of a centrifugal pump 
needs a preliminary study of the most important charts that characterize it, where efficiency will be optimum 
with the total head and the speed envisaged by control the pumped water quantity to a desirable head. In 
addition, they are related to dimensions, kinds and speed of the pump. 

The chart of the water quantity-head Q-H (Figure 4) explains the different variations in the head of 
pumping, according to water quantity which forms bent charts. The code then proceeds to the generation of 
the entire curve. Successively, the program generates a series of characteristics for a fixed range of shaft 
rotational speeds (generally 35–56 Hz), related to the same pump. It all is done referring to the affinity laws 
at variable speed. The affinity laws are valid only under conditions of constant efficiency [1], [12]-[13]. 

 
ܳ௔௖௧ ൌ ܳௗ௘௦ሺΩୟୡ୲ Ωୢୣୱ⁄ ሻ;  
ܯܪ ௔ܶ௖௧ ൌ ܯܪ ௗܶ௘௦ሺΩୟୡ୲ Ωୢୣୱ⁄ ሻଶ; ௔ܲ௖௧ ൌ ௗܲ௘௦ሺΩୟୡ୲ Ωୢୣୱ⁄ ሻଷ at ߟ௣௔௖௧ ൌ        ௣ௗ௘௦            (19)ߟ

                                                                           
Where ܳ௔௖௧, ܯܪ ௔ܶ௖௧, ௔ܲ௖௧, Ωୟୡ୲ and ߟ௣௔௖௧ are the actual volumetric flowrate, head, the  pump  shaft  input  
power, rotational speed respectively and the pump efficiency, whereas ܳௗ௘௦, ܯܪ ௗܶ௘௦, ௗܲ௘௦, Ωୢୣୱ and ߟ௣ௗ௘௦ 
are the same variables referred to the design speed. 

Once the characteristic and power demand curves are defined, the pump efficiency may be 
calculated as follows: 
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Where, 

 
௛ܲ௬ௗ ൌ ܪܥ ∙ ܳ௔௖௧ ∙ ܯܪ ௔ܶ௖௧                                                                                                    (21) 

 
௛ܲ௬ௗ is the power output in terms of pumped water [kW] (i.e. hydraulic output power), 
ܪܥ ൌ ݃ ∙ ݃ :ߩ ൌ 9.81݉ ∙ ߩ ,ଶ the constant of  gravityିݏ ൌ 10ଷ݇݃ ∙ ݉ିଷ water volumic mass the constant and 
݇௖௛ is the load constant. 
  

 
 

Figure 4. ܪሺܳሻ Characteristic 
 
 

Using the relations (19) and the pump datasheet, a set of curves giving the flow versus the head and 
parameterized by speed can be then obtained, but this procedure is large and in order to use these results 
during calculations this set of points should be fitted to obtain an algebraic equation, this is done by the use of 
a two-variables third order polynomial function in order to achieve the best possible regression coefficient 
[13]: 
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For the determination of the pump operating point it is required to know both the pump and pipeline 
characteristics. The piping system deals with the total head that must be overcome by the pump. The Q-H 
characteristic of the pipe network is given as a function of the geodetic head and head losses (as function of 
the flow-rate) [14]. Thus, it should at least equal the head corresponding the flow computed by the pump 
flow-head equation. It comes: 

 
ܶܯܪ ൌ ௚ܪ ൅ ݇ܳଶ                                                                                                              (23) 
 

The constant ݇ relates to the bead loss caused by fluid friction. ܪ௚: Geodetic head. 
 
2.5. Vectorial Command Approach 

The vector control is based on the field-oriented control (FOC) method. For the regulation of the 
main variables (current, flux, speed) to their reference values, regulators were used of the type PI [10], [11]. 

So we have as interest to keep only the ݀ axis flux component, and that means to oblige the ݍ axis 
flux component to be zero. 
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The compensation has as objective to uncouple the two ݀ and ݍ axis voltages and currents. Under 

such conditions, the system becomes linear like in case of DC motor. Thus we have: 
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Are the compensation voltages.  

The transfer functions of the plant for the controllers of the vector-controlled induction motor drives 
can be derived as shown in [10], [11]. 

  Speed, ܫௗ௦ and ܫ௤௦ current controllers: 
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Where ݏ is the Laplace operator. 
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Based on those equations and after some algebra (Imposition of the poles method) we obtain PI 
parameters for speed and current (Table 1), were J is the rotor inertia moment, ௥݂ is the viscosity coefficient 
of the induction motor. After ߱ is obtained upon calculation of the transfer function of a closed loop, 
parameters ܭ௣ and ܭ௜ are identified from imposition of the poles method. A wise choice the ܭ௣ and ܭ௜was 
made by changing the value of ߜ. 

 
 

Table 1. PI Regulator Coefficients  
Coefficients  ݇௣ ݇௜ 
Current   ଶఋି

ோೞோೝெ
మ

ఙ௅ೞ௅ೝ
మ൘

ଵ
ఙ௅ೞൗ

  
ଶఋమ

ଵ
ఙ௅ೞൗ

  

Speed ω  ଶఋି
௙ೝ

௃ൗ

௣
௃ൗ

  
ଶఋమ

௣
௃ൗ
  

 
 
3. LOCATION OF MAXIMUM POWER POINT 

At the maximum power point we have: 
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With the current described by equation (01), the voltage may be expressed as: 
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Back substitution of the partial derivative of ௣ܸ௩ with respect to ܫ௣௩ ൬
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൰  and using ௣ܸ௩_௢௣ for ௣ܸ௩ 

and ܫ௣௩_௢௣ for ܫ௣௩ gives: 
 

݃݋݈  ൥
ூ೛ೡ೚೛ିே೛௣భாሺଵା௣మ∆்ሻା

ೃೞ಺೛ೡ೚೛

ೃೞ೓

ିே೛௣య ೎்
య௘௫௣ቀି

ಶ೒

ಲ಼೅೎
ቁ

൅ 1൩ ൅ 

 

൭
൬ଵା

ೃೞ
ೃೞ೓

൰

ூ೛ೡ_೚೛ିே೛௣భாሺଵା௣మ∆்ሻା
ೃೞ಺೛ೡ_೚೛

ೃೞ೓
ିே೛௣య ೎்

య௘௫௣ቀି
ಶ೒

ಲ಼೅೎
ቁ
െ

ଶோೞ௘బ

ே೛஺௡೎ೞ௄ ೎்
൱ ௣௩_௢௣ܫ ൌ 0   (34) 

                                                        
With ௣ܸ௩_௢௣ and ܫ௣௩_௢௣ the voltage and current at maximum power. 

Numerical method is applied to solve for ܫ௣௩_௢௣ using an initial guess given by: 
 

௣௩೚೛,௚௨௘௦௦ܫ ൑ ௣ܰ݌ଵܧሺ1 ൅ ௣௩೚೛,௚௨௘௦௦ܫ   ଶ∆ܶሻ   or݌ ൌ ௣ܰ
ா

ாೝ೐೑
ሺܫ௣௩೚೛௥௘௙ ൅  ሻ                    (35)ܶ∆ߙ

 
We obtain a relation linear which can be expressed by: 
 
௣௩_௢௣ܫ ൌ 0.9325 ௣ܰܫ௣௛ ൅ 0.0142                                                                                    (36) 

 
Once  ܫ௣௩_௢௣ is found,  ௣ܸ௩_௢௣ may be calculated using equation (33) and thus the current and voltage 

at the maximum power point is determined as a consequence the maximum power. 
 

௣ܲ௩_௠௔௫ ൌ ௣ܸ௩೚೛ܫ௣௩೚೛െ ௦ܰ ௣ܴܰ௦൫0.94݌ଵܧሺ1 ൅ ଶ∆ܶሻ൯݌
ଶ
൅

଴.ଽସே೛௣భாሺଵା௣మ∆்ሻ஺௡೎ೞேೞ௄ ೎்

௘బ
݃݋݈ ൥

൬
బ.వరೃೞ
ೃೞ೓

ି଴.଴଺൰ே೛௣భாሺଵା௣మ∆்ሻ

ିே೛௣య ೎்
య௘௫௣൬ି

ಶ೒

ಲ಼೅೎
൰

൅ 1൩       (37) 

 
At optimal regime, for calculation the speed reference, the assessment of power of asynchronous 

motor is given by: 
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௣ܲ௩_௠௔௫ െ 3ܴ௦௠ܫ௦_௥௠௦
ଶ ൌ ௣ܲ௩_௠௔௫ െ

ଷ

ଶ
ܴ௦௠ܫ௦

ଶ ൌ ௧ܲ                                                        (38) 

 
The relations governing the operation of the motor-pump [15]. 
 

௦ܫ ൌ ටܫௗ௦
ଶ ൅ ௤௦ܫ

ଶ                                                                                                            (39) 

 

௧ܲ ൌ ௘ܶ௠ ∙ ௦ߗ ൌ ௘ܶ௠ ∙
ఠೞ

௣
                                                                                                       (40) 

 

௘ܶ௠ ≅ ௥ܥ ൌ ݇௖௛ߗ
ଶ ൌ

௞೎೓

௣మ
∙ ߱ଶ                                                                                          (41) 

 
ௗ௦ܫ ൌ

ఝೝ

ெ
                                                                                                                             (42) 

 
By substituting equations ܫ௤௦ and ߱௚௟ into Equation (41). 
 

௤௦ܫ ൌ
ଶ௅ೝ௞೎೓

ଷ௣యெఝೝ
∙ ߱ଶ                                                                                                             (43) 

 

߱௚௟ ൌ
ଶோೝ௞೎೓

ଷ௣యெఝೝ
మ ∙ ߱

ଶ                                                                                                                (44) 

 
Thus the relations (41) then (38) becomes: 
 

௧ܲ ൌ
௞೎೓

௣య
∙ ൫߱௚௟ ൅ ߱൯ ∙ ߱ଶ                                                                                            (45) 

 

௣ܲ௩_௠௔௫ െ
ଷ

ଶ
ܴ௦௠ ൬ቀ

ఝೝ

ெ
ቁ
ଶ

൅
ସ

ଽ
ቀ
௅ೝ௞೎೓

௣యெఝೝ
ቁ
ଶ

߱ସ൰ ൌ
ଶோೝ

ଷ
ቀ
௞೎೓

ఝೝ௣
యቁ

ଶ

߱ସ ൅
௞೎೓

௣య
∙ ߱ଷ                             (46) 

 
By rearranging the Equation (45) gives: 
 
ܽ߱ସ ൅ ܾ߱ଷ ൅ ܿ ൌ 0                                                                                                       (47) 
 

With, 

ܽ ൌ
ଶ

ଷ
ቀ
௞೎೓

ఝೝ௣
యቁ

ଶ

൤ܴ௥ ൅ ܴ௦௠ ቀ
௅ೝ

ெ
ቁ
ଶ

൨,      ܾ ൌ
௞೎೓

௣య
 

 ܿ ൌ
ଷ

ଶ
ܴ௦௠ ቀ

ఝೝ

ெ
ቁ
ଶ
൅ ௦ܰ ௣ܴܰ௦൫0.94݌ଵܧሺ1 ൅ ଶ∆ܶሻ൯݌

ଶ
 

െ
଴.ଽସே೛௣భாሺଵା௣మ∆்ሻ஺௡೎ೞேೞ௄ ೎்

௘బ
݃݋݈ ൥

൬
బ.వరೃೞ
ೃೞ೓

ି଴.଴଺൰ே೛௣భாሺଵା௣మ∆்ሻ

ିே೛௣య ೎்
య௘௫௣ቀି

ಶ೒

ಲ಼೅೎
ቁ

൅ 1൩  

 
For each value of radiation and the temperature, i.e. the value of ܫ௣௛. By solving the Equation (47), 

its roots, give the speed ߱௥௘௙ of instruction corresponding to the optimal operation of the generator PV. In 
addition, this speed depends on the radiation and the ambient temperature. Results examples are summarized 
in Figure 7 (red stars). 
 
 
4. NEURAL NETWORK BASED MPPT 

The ANN theory, in general, has been well-discussed in the literature [16]-[18], and a number of 
authors [3], [4], [19] have described its operation in the PV system and for speed control of an induction 
motor.  Neural network architecture is specified through finding the appropriate solution for the non-linear 
and complex systems or the random variable ones. Among its types, the more widespread, important and 
useful back propagation network. The function and results of an artificial neural network are determined by 
its architecture that has different kinds. The simpler architecture contains three layers as shown in Figure 6. 
The input layer receives the extern data. The second layer, hidden layer, contains several hidden neurons 
which receive data from the input layer and send them to the third layer, output layer. This later responds to 
the system. 
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We can conclude unlimited neural network architectures. The more several hidden layers and 
neurons in each layer are added; the more complex they become. The network is fully connected which a bias 
signal is coupled to all neurons in the hidden layer through a weight ሺܹሻ. The realization of the back 
propagation network is based on two main points: learning and knowledge. This research was applied by the 
use of sigmoid function as an activation function in order to calculate the hidden layer output and the linear 
function to calculate the output. 

In our study of the effect of network architecture on learning, we have chosen architecture with one 
hidden layer. We have changed the number of neurons in hidden layer; this architecture is summarized in 
Table 2. By 5 neurons in hidden layer, the regression coefficient R-square (R2) increases to 0.9999. 

 
 

Table 2. Effect of number of hidden layers on learning 
Number of neurons in hidden layer R2 

3 0.9984 
5 0.9999 
8 0.9991 
9 0.9989 
11 0.9991 

 
 
Figure 5 shows the proposed ANN topology, it use multilayer perceptron type network consists of 

an input layer, one hidden layer and an output layer with sigmoidal type transfer function. The composite 
network uses two neurons at the input, one for the radiation and the other for the ambient temperature, which 
is normalized and then pulse neurons in the hidden layer. The output layer has only one neuron for the 
control DC/AC frequency.    

The procedure described in the previous section will be utilized to generate training data for ANN-
based MPPT. 

 
 

 
 

Figure 5. Neural network topology (2-5-1) for speed generated 
 
 
The outputs are calculated by the following equation: 
 

ܽ௜
ሺଶሻሺݐሻ ൌ ∑ ௝ܹ௜

ሺଶሻ ∙ ௝ܺ
ሺଵሻଶ

௝ୀଵ   with:    ݅ ൌ 1 ∙∙ 5                                                           (48) 
 

௜ܺ
ሺଶሻሺݐሻ ൌ ݂ൣܽ௜

ሺଶሻሺݐሻ൧                                                                                                              (49) 
 

ሻݐሺଷሻሺݕ ൌ ∑ ௝ܹ
ሺଷሻ ∙ ௝ܺ

ሺଶሻହ
௝ୀଵ                                                                                                     (50) 

 
The update of ܹ is done according to the rule of delta: 
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௝ܹ௜
ሺଶሻ ൌ ௝ܹ௜

ሺଶሻ ൅ Δ ௝ܹ௜ and ௝ܹ
ሺଷሻ ൌ ௝ܹଷ

ሺଷሻ ൅ Δ ௝ܹ                                                                 (51) 
 

Where:  ܬ ൌ
ଵ

ଶ
൫݀ݕ ݀݁ݎ݅ݏ݁ െ ሺଷሻ൯ݕ

ଶ
, Δ ௝ܹ௜ ൌ ߙ

డ௃

డௐ
ೕ೔
ሺమሻ  and    Δ ௝ܹ ൌ ߙ

డ௃

డௐ
ೕ
ሺయሻ                               (52) 

 
With ߙ is the step of training and, 
 

 
డ௃

డௐ
ೕ
ሺయሻ ൌ ௢௨௧௣௨௧ߜ ∙ ௝ܺ

ሺଶሻ,  ߜ௢௨௧௣௨௧ ൌ െ൫ݕௗ௘௦௜௥௘ௗ െ  ሺଷሻ൯                                                    (53)ݕ

 

 
డ௃

డௐ
ೕ೔
ሺమሻ ൌ ௛௜ௗௗ௘௡ߜ ∙ ௝ܺ

ሺଵሻ, ߜ௛௜ௗௗ௘௡ ൌ െ൫ݕௗ௘௦௜௥௘ௗ െ ሺଷሻ൯ݕ ∙ ௜ܹ
ሺଷሻ ∙ ݂ᇱൣܽ௜

ሺଶሻሺݐሻ൧                           (54) 

 
Algorithm architecture of the back propagation implies the following steps as shown in Figure 6. 

The tests results of ANN-based MPPT at the five operating case (proposed learning examples) were 
found that the output speed response of the motor-pump with analytical results is higher than the inputs 
radiation and ambient temperature as shown in Figure 7 (a)-(e) which shows the output of ANN at five case 
and shows the corresponding data with the analytical results. Also, the MPPT method was validated for the 
case 37Ԩ and compared with the data, they were found to correlate very well (Test of generalization in 
Figure 8). This means that the network can be operated at any conditions climatic. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
     

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6. Architecture of the back propagation 
 

:1ݐݑ݌݊ܫ ܩ ൌ ܺሺଵሻ ൌ ሾܧሺ1ሻ;∙∙∙∙∙∙∙∙∙;  ሺ݇ሻሿܧ

௥௘௙߱  ݐݑ݌ݐݑ݋ ݀݁ݎ݅ݏ݁݀ ൌ ൣ߱௥௘௙ሺ1ሻ;∙∙∙∙; ߱௥௘௙ሺ݇ሻ൧ 

݋݂ݎ݁݌ ൌ 0.004, ߙ ൌ 0.01, ௠௔௫ߝ ൌ ݂݅݊

ܺ଴ ൌ െ1, ݇:ܰݎܾ݁݉ݑ ݂݋  ݈݁݌݉ܽݏ

 :2ݐݑ݌݊ܫ ௔ܶ ൌ ܺሺଶሻ ൌ ሾ ௔ܶሺ1ሻ;∙∙∙∙∙∙∙∙∙; ௔ܶሺ݇ሻሿ  

And the example given one by one 
To initialize the weights of the network by 

random values ܹ0; ܹ2ሺ5 ൈ 2ሻ ; ܹ3ሺ1 ൈ 5ሻ 

Begin 

Yes   

No    

ݕ݂݅݀݋݉ ݋ݐ ݈݈ܽ ݄݁ݐ ݏݐ݄݃݅݁ݓ ݂݋ ݄݁ݐ ݇ݎ݋ݓݐ݁݊

ܹ ൌ ܹ ൅ ∆ܹ ሺ݁ݍ. 51ሻ  

௠௔௫ߝ ൒ ݋݂ݎ݁݌

௠௔௫ߝ ൌ ௠௔௫ߝ ൅
1

2
൫ݕௗ௘௦௜௥௘ௗ െ ሺଷሻ൯ݕ

ଶ
 

End

ଵܺ
ଶሺ݇ሻ, ܺଶ

ଶሺ݇ሻ, ܺଷ
ଶሺ݇ሻ, ܺସ

ଶሺ݇ሻ, ܺହ
ଶሺ݇ሻ ܽ݊݀ ሺଷሻሺ݇ሻݕ

calculate the output 

 ݊݋݅ݐܽ݃ܽ݌݋ݎܲ
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(a) 

 
(b) 

 

 
(c) 

 
(d) 

 

 
(e) 

 
Figure 7. Test of validation 

 
 

 
 

Figure 8. Test of generalization 
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5. RESULTS AND DISCUSSION 
The Model field-oriented control using MPPT technique is developed and studied in detail in 

another work [1]. 
 
 

 
 

Figure 9. The block diagram of a field-oriented control induction motor coupled to a centrifugal pump, 
fed by solar cells through an inverter 

 
 

 
Figure 10. Behavior of the pump by considering radiation variations 

 
 

Figure 9 gives a diagrammatic sight of a drive at variable speed using the principle of the field-
oriented control. For the simulation results used in this paper, the numerical values for the PV array and the 
pump SP5A7 are summarized in Table 3-4. The numerical values of the simulation model are obtained either 
by measurements or identification from laboratory experiments. 

In order to verify the proposed model, digital simulations were carried out for four insulation level. 
At the beginning, radiation is worth G=540W/m2, then radiation is brought to G=1200W/m2 in 1s then in 
G=940W/m2 in 3s and finally, radiation reached G=150W/m2 in 6s. 
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Table 3. PV array specifications [7] 
isofotón Array; ݏ݊݋݅ݏ݊݁݉݅ܦ: ሺ1.224 ൈ 0.545ሻ݉ଶ 

ݐ݄ܹ݃݅݁ ൌ 9݇݃, ݈ܲܽ݊݁ :ݕ݂݂ܿ݊݁݅ܿ݅ܧ ߟ ൌ 11.2%, ݈݈݅ܨ ݎ݋ݐܿܽܨ ܨܨ ൌ 74.4% 
  Cell type  ݈݈݁ܿ ݈݈݁݊݅ܽݐݏݕݎܿ݋݊݋݉

  Peak power ௠ܲ௔௫ሾܹሿ 75 േ 10% 
  Optimal voltage ௢ܸ௣ሾܸݐ݈݋ሿ 17.3 

  Optimal current  ሿ 4.34ܣ௢௣ሾܫ
Open circuit Voltage ௢ܸ௖ሾܸݐ݈݋ሿ 21.6 
  Short Circuit current ሿܣ௦௖ሾܫ 4.67 

  Cell number ݊௖௦ 36 
Temperature Coefϐiciency of ௦௖ܫ ሾ%/Ԩሿߙ 0.02 

Reference ambient temperature ௔ܶ௥௘௙ሾԨሿ   20 
Diode ideality constant ܣ 1.2 
Photo current  ሿ 4.6756ܣ௣௛ሾܫ

Equivalent series resistance of the panel ܴ௦ሾΩሿ 0.2402 
Equivalent parallel resistance ܴ௦௛ሾΩሿ 199.4843 

ଵ݌ 0.0047 
ଶ݌ 1.9976 ∙ 10ିସ 
ଷ݌ 3.7042 

PV array: Number of modules connected in series and in parallel 9 Ns × 1 Np 

 
 

Table 4. Motor-pump specifications [1, 20] 
Subsystem Specification 

Pump  load Constante kୡ୦ ሾN ∙ m ∙ ሺs/radሻଶሿ 1.524 ∙ 10ିହ 
 
 
 
 
 
 

Asynchronous motor 

Type GRUNDFOS  MS 402 
RMS motor voltage VሾVoltሿ 65∆ 
Maximal Courrent IሾAሿ 8.5 

SpeedΩሾrmsሿ 2860 
Power PሾkWሿ 0.55 

 Motor frequency freሾHzሿ 50 
Stator resistance per phase Rୱ୫ሾΩሿ 0.6667 

Motor power factor cosሺφሻ 0.8 
Rotot resistance R୰ሾΩሿ  1.1965 

Stator leakage inductance LୱሾHሿ 0.0895 
Rotor leakage inductance L୰ሾHሿ 0.0895 
 Mutual Inductance MሾHሿ 0.087 
Pair pole number p 1 

Inertie Torque Jሾkg ∙ mଶሿ 0.003 
Friction coefϐicient fr ሾN ∙ m ∙ s/radሿ 2.905 ∙ 10ିସ 

Efϐiciency ηሾ%ሿ 0.78 
 Flux Q୰ ሾWbሿ 0.28 െ 0.3 

 
 
The response of the system using MPPT controller obtained by simulation is shown in Figure 10. 

All test results show that the robust tracking speed of induction motor drive with the proposed MPPT control 
strategy is very effective in tracking the selected tracks at all times, it is observed that, in every case. This 
controller provides a very useful tool for ensuring optimal efficiency, which essentially keeps its state 
optimal. On the other hand, the results show the output voltage responses of the PV array to the change of 
radiation and temperature. For example, at 3s the radiation stepping stepping-down from 1200 to 940W/m2, 
the PV array voltage stepping-up from 118 to 122volt. This system is able to adapt the operating point 
according to variations of the radiation and the temperature (random variation). 

The PI controller brings the measured speed to the desired value smoothly and without the 
overshoot. We observed the flow estimation and also the resistive torque imposed by the quantity of pumped 
water. The electromagnetic torque compensates for instantaneously this request of the resistive torque. 
The figures show that the flow and the couple are decoupled. In addition, flow is constant in permanent mode 
߮௥ ൌ  value of 1.3 ݁ݎ݂/ܸ The statoric voltage by frequency ratio is always kept constant with a .ܾݓ0.28
during operation, the motor is thus, managed by the ܸ/݂݁ݎ constant law, which shows the effectiveness of 
the loop of speed regulation. 
 
 
6. CONCLUSION 

An optimal operation of a photovoltaic pumping system based on an induction motor was described. 
A neural network based MPPT has been investigated that operates very well in the PV pumping system. The 
proposed structure allows at the same time the field oriented control and the maximum power tracking of the 
photovoltaic array. 
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This control has given very good results; where it assured a total decoupling between the system 
parameters. Moreover, it assured a good tracking of the speed with a minimum response time. The regression 
coefficient R-square (R2) arises in high values through the neural network with one hidden layer, with 5 
neurons. The proposed algorithm in neural networks was simulated; the simulation results show that this 
system is able to adapt the maximum operating point according to variations in external disturbances. In 
addition, the proposed approach does not need two converters; it uses only a DC/DC converter. Also, 
increase of both the daily pumped quantity and array PV efficiency are reached by the proposed approach. 
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