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In recent years, much research has been done to improve the performance of a wind energy conversion system at various wind speeds using Maximum Power Point Tracking (MPPT) algorithms to find an efficient production of peak energy.

In most cases, the MPPT techniques used to maximize the turbines power coefficient neglect the effect of losses generated by the system components, which can shift the true optimal operating point of the wind turbine. Furthermore, conventional MPPT methods such as Perturbation and Observation (P&O) and Incremental of Conductance (IncCond), need to sense both the rotor speed and the power of the wind turbine. In addition, other methods such as Fuzzy Logic and neural networks based on MPPT algorithms are proposed but these methods require knowledge of the wind speed and system parameters for the training phase.

In this context, a new MPPT technique is being proposed in this paper, based on Particle Swarm Optimization (PSO) for a standalone Self-Excited Induction Generator (SEIG) operating at variable wind speed and supplying an induction motor coupled to a centrifugal pump.

Introduction

In the last decades, producing electricity with renewable energies such as wind and solar energy has been considered to replace conventional resources [START_REF] Bansal | Three-phase Self-Excited Induction Generators: an overview," 16th national power systems conference[END_REF][START_REF] Halamay | Reserve Requirement Impacts of Large-Scale Integration of Wind, Solar and Ocean Wave Power Generation[END_REF][START_REF] Wang | Stability Analysis of a Wave-Energy Conversion System Containing a Grid-Connected Induction Generator Driven by a Wells Turbine[END_REF]. Particularly, in remote site it is important to limit the maintenance and to operate with minimum storage batteries, so the wind turbine pumping systems without energy storage can be an alternative solution to conventional powered pumping systems. In addition, this type of pumping systems does not pollute the environment.

Many types of generators are used for stand-alone power generation in remote site such as permanent magnet, brushless, synchronous, asynchronous, variable reluctance. But the Self Excited Induction Generator (SEIG) is mainly used because of its lower cost, high power density and very little maintenance required [START_REF] Ofualagba | The analysis and modelling of a self-excited induction generator driven by a variable speed wind turbine[END_REF][START_REF] Boldea | The induction machine handbook[END_REF][START_REF] Bansal | A bibliographical survey on induction generators for application of nonconventional energy systems[END_REF].

During the last decades, several works have been developed to investigating a performance analysis of the SEIG, and dynamic performance for feeding static and dynamic loads (resistive, inductive, capacitive, and induction motor) at various wind speed conditions [START_REF] Jayanta | Analysis Voltage and Frequency Control of a Stand Alone Brushless Wind Electric Generation Using Generalized Impedance Controller[END_REF][START_REF] Brudny | Wind turbines using self-excited three-phase induction generators: an innovative solution for voltage-frequency control[END_REF][START_REF] Singh | STATCOM-Based Controller for a Three-Phase SEIG Feeding Single-Phase Loads[END_REF][START_REF] Murthy | An analytical performance comparison of two winding and three winding single phase SEIG[END_REF]. Therefore, the power converter topology have been developed and various regulating schemes explored to obtain improved voltage and frequency regulation [START_REF] Cosmas | A Modified Approach to Induction Motor Stator Voltage and Frequency Control[END_REF][START_REF] Jayanta | Analysis Voltage and Frequency Control of a Stand Alone Brushless Wind Electric Generation Using Generalized Impedance Controller[END_REF]. In this scheme, the SEIG needs to control the providing bidirectional flow of both active and reactive powers.

Other works have focused on architectures and methods for maximizing the wind power. Among them, various regulating schemes have been adopted to extract the maximum power from the wind turbine [START_REF] Ouali | Investigation on the Excitation Capacitor for a Wind Pumping Plant Using Induction Generator[END_REF][START_REF] Makhlouf | Vectorial Command Of Induction Motor Pumping System Supplied By A Photovoltaic Generator[END_REF][START_REF] Agarwal | A novel scheme for rapid tracking of maximum power point in wind energy generation systems[END_REF]. Consequently, the SEIG is operating at variable frequency, which needs a single power controller. However, this scheme is gaining importance for stand-alone wind power applications, in particular for water pumping systems with Induction Motor (IM) where the variation of the electrical parameters is not very critical for its use.

Other MPPT strategies are implemented using intelligent computations like Artificial Neural Networks [START_REF] Huang | Modified Neural Network for Dynamic Control and Operation of a Hybrid Generation Systems[END_REF] and Fuzzy logic [START_REF] Lara | Power converter with maximum power point tracking MPPT for small wind-electric pumping systems[END_REF][START_REF] Chekkal | Fuzzy logic control strategy of wind generator based on the dual-stator induction generator[END_REF]. Recent improvements using a Fuzzy-Neuro based algorithm, combined with an additional measurement of wind speed, obtain excellent precision in the tracking, but increase the computational burden and cost.

In this context, this paper presents a PSO-MPPT controller of wind-driven Self-Excited Induction Generator for pumping systems which have not need to measure the wind or turbine speed. A SEIG-Pump performance analysis is developed to extract the maximum power rated from the wind turbine.

The frequency is reached by using a Thyristor Controller Reactor (TCR) to adapt the rotor speed of the SEIG at the desired value.

The whole paper is organized as follows: section 2 describes the dynamic modeling of the SEIG pumping system, section 3 is devoted to presents the principle of MPPT control strategies. Simulation results performed with Matlab/Simulink are discussed and presented in section 4. The location of the MPP is calculated for different wind speed values to show the robustness and the efficiency of the propose PSO MPPT algorithm. Experimental results are presented in section 5 with measurements on a test bench wind turbine emulator. Finally, a conclusion sums up the developed work and its features.

Modeling of Wind Turbine Conversion System

A wind turbine energy conversion system intended to work in isolated sites is shown in Fig. 1. It consists of a DC Motor controlled through a chopper to emulate the wind turbine model used to convert wind kinetic energy , a squirrel cage Induction Generator (IG) to convert the mechanical power provided from the DC motor on electrical power, an induction motor which is coupled with a mechanical break to emulate the centrifugal pump model, a frequency controller based on Thyristor Controller Reactor system which is used to locate the MPP from the wind turbine, and a dSPACE controller board which is interfaced with a PC under Matlab/Simulink for the implementation of the PSO-MPPT controller . The power delivered by the wind turbine is proportional to the cube of the wind speed and can be expressed as:
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where  is the air density, A is the area swept by blades and w V is the wind speed. A wind turbine can only extract part of the power (maximum 59%) from the wind, which is given by the Betz limit [START_REF] Betz | Das Maximum der theoretisch möglichen Ausnutzung des Windesdurch Windmotoren[END_REF].

Therefore, the wind turbine mechanical power extracted from the wind is given by: 
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where the parameter i  is expressed as:
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The Tip Speed Ratio (TSR) is defined as the ratio between the blade tip speed and the wind speed:
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where r  denotes the rotor speed, and w R

is the radius of the wind turbine blade. The torque developed by the wind turbine is given by: 2 ( , ) 2
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 is the blade pitch angle, and  is the Tip Speed Ratio.

Fig. 2 shows the power coefficient and the mechanical power curves of the wind turbine as a function of the rotor speed for a pitch angle 0 

   .
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where The electromagnetic torque developed by the IG can be computed in d q  axes stator and rotor currents as:
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The equation which represents the SEIG mechanical behavior will be assumed to be expressible as:
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where w  represents the torque which acts on the SEIG shaft by means of the blades, f  is the friction torque, w P is the corresponding mechanical power and J is the global inertia of the system.

Model of the Induction Motor

The differential equations describing the stator currents ( M sd i , M sq i ) and rotor currents ( M rd i and M rq i ) of the IM using a d q  components of stator voltage ( sd v and sq v ) are developed as:
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where, The electromagnetic torque of the IM can be computed in d q  axes stator and rotor currents as:
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The equation which represents the IM mechanical behavior will be expressible as:
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with kn …..and Ppump electrical pump power

Modeling of the TCR System

A Thyristor Controlled Reactor circuit is basically composed of two oppositely poled thyristors and a reactor [START_REF] Ouchbel | Control of the output voltage of asynchronous wind turbine with variable speed using a static VAR compensator (SVC) smart innovation, systems and technologies[END_REF][START_REF] Brudny | Wind turbines using self-excited three-phase induction generators: an innovative solution for voltage-frequency control[END_REF]. The reactor is composed as two elements; a relatively big fixed capacitor 0 75 C F   and a fixed self inductance 0 335 mH L 

. A per phase circuit of TCR circuit is shown in Fig. 3. 
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The instantaneous current absorbed by the self inductance 0 L is given by:
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where  is the thyristor conduction angle, and  is the thyristor firing angle. s V and  are the RMS and the frequency of the SEIG terminal voltage respectively.

The fundamental component is found by Fourier analysis, and is given by:
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where ( ) B  is an adjustable fundamental frequency susceptance.

The TCR system is controlled by adjusting a fundamental frequency susceptance whose reactive power is balanced according to the requirement current in the SEIG. However, the reactive power TCR Q generated by a TCR system is equal to the difference between the capacitor power 0 C Q and the inductance power L Q as:
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The generated firing pulses for the thyristors are obtained by a pulse transformer and a trigger which is synchronized with the line voltages using a PLL system.

Analysis of the Proposed MPPT Controller

MPPT Controller Principle

Considering the mechanical power curves presented in Fig. 2.a we can note that the power of a wind turbine is maximum for a rotor speed called optimum rotor speed ropt  . So in order to extract maximum possible power, the wind turbine aloud be operates at this speed. During the constant wind speed is possible to control the rotational speed of the wind turbine by changing the reactive power.

Note that the operating slip of the induction generator is a small value. Therefore, for operating at Maximum Power Point (MPP), the rotor speed can be controlled by adjusting the capacitor value which also influences the frequency value of the SEIG. In a classical P&O algorithm, the MPP can be obtained by measuring two parameters: electrical power ( w P ) and rotor speed r  . The particularity of the proposed PSO algorithm is that it uses only electrical power ( w P ) parameter as reference to estimate the optimal value of the capacitor which lead to ropt  .

For the wind turbine emulation, the proposed PSO-MPPT controller is based on measurement of electrical variables ( DC U and DC I ) as is shown in Fig. 4a. In a real wind turbine, the measurement of the mechanical power is complex or not always available. So it is possible to maximize the electrical power extracted from the SEIG considering the measured power at the SEIG output as the image of the mechanical power at the SEIG shaft. This case is shown in Fig. 4b For experimental bench a realistic wind turbine curve and a rotor speed estimator are used to calculate the optimal reference mechanical power opt P for the DC motor. It will be controlled under a PWM chopper to generate the corresponding mechanical power w P to the SEIG shaft.

In the proposed PSO algorithm, as the rotor speed r  can be modified by changing the capacity value, a vector of capacitor

k j
C is used as initial value. j is the index of evolving parameters ( 1,2,... p j N 

) called particles and their values change at each iteration k. For each iteration, these j values of the capacity are sent to the TCR system, which imposes to the SEIG a frequency ). In presented application the global iteration time is near to 800 ms and this cycle will be repeated continuously until the real mechanical power achieves the maximum power points (MPP) . It can be noticed in Fig. 4.b that for a real wind turbine the proposed PSO algorithm does not need to measure or estimate the rotor speed.

PSO Overview

The Particle Swarm Optimization (PSO) is a population-based searching algorithm. In general cases, it randomly produces p N particles in searching space, where each particle is characterized by a position k j X in the searching space, and a velocity k j V [START_REF] Shi | Empirical study of particle swarm optimization[END_REF][START_REF] Helwig | Particle Swarm Optimization with Velocity Adaptation[END_REF]. Each position of particle ( ) k j X (in this case the capacity k j C ) represents a solution of the problem and the "velocity" ( ) 
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where, 1, 2,... p j N  is the index of particles,  is the momentum or inertia (

0.5   ), 1  and 2  are a positive constant ( 1 2 0.5    
), rand is random numbers which are uniformly distributed in [0, 1],

and k is the iteration number. A typical movement of particles in the optimization process is shown in Fig. 5.

Fig. 5. Typical movement of particles in the searching space or optimization process.

In this figure the general spatial evolution case (between two iterations k, and k+1) of particles

( ) k j X to ( 1)  k j X is presented. It takes in consideration the velocity evolution from k j V to 1  k j V . The best ( ) k j
X value for the j particles which give a minimal value for Fit function at iteration k is memorized with the name Pbest (local best value) and the best value between all realized iterations is memorized with the name Gbest (global best value). In the presented PSO algorithm a scalar particles evolution is considered where the particles are capacity values ( ( ) ( ) ( ) ( ) 
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. So, the value of particles and the corresponding velocity at the first iteration (k=1) are defined as: 
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The updating of the particles ( )

k j C
and each capacity variation

( )  k j C
, are given by the following equation [START_REF] Shi | Empirical study of particle swarm optimization[END_REF]: 

    ( 1) ( ) ( ) ( ) 1 2 ( 1) ( ) ( 1) 0,1 (C ) 0,1 (C ) k k k k k k j j jPbest j jGbest j k k k j j j C C rand C rand C C C C                     ( 

C

gives the minimal value for fitness function at iteration k and it makes it possible to extract more power from the wind turbine. We note that, in order to avoid the disconnection of the 
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Fig. 6.a illustrates the application of the PSO algorithm in tracking the MPP, using a first vector of capacitor with four particles. To start the optimization process (iteration k), the algorithm transmits to the TCR system four capacitor reference values ( 1 2 3 4 , , ,

k k k k C C C C ).
The number of the particles must be correlated with the system inertia and in this application limited to Np=4. In Fig. 6.a, the four initial particles are marked with circular points and for each point there is one capacitor value. Each capacitor imposes a rotor speed ( 1 2 3 4 , , , We can notice here that 3 k C is the best particle in the first iteration k, which gives the best power value ( 3  k best w P P ), corresponding to maximum mechanical power at the first iteration.

k k k k r r r r     )
For the second iteration (iteration k+1), the particle updating is realized using equation 17. It is calculated new capacitor vector In the third iteration (iteration k+2), all capacitor particles

2 2 2 2 1 2 3 4 (C , C ,C ,C )     k k k k
come near to MPP. In the subsequent iteration, due to very low velocity, the value of the rotor speed

2 2 2 2 1 2 3 4 ( , , , )     k k k k r r r r
    is approaching to optimal rotor speed ropt  . Therefore, the wind turbine power will be maintained at the maximum power ( MPP P ), and the oscillation around it diminishes.

F Fig. 6. Curves of a) MPP evolution on the wind turbine power, b) capacity and c) fitness optimization. This sequence will be repeated continuously until the particles gradually come close to achieving MPP.

This algorithm is realized during a constant wind speed. Fig. 6.b and Fig. 6.c present the evolution of the capacity and fitness function for different iteration numbers. We can notice that after k=3 iterations the Fit is minimized and the turbine works at MPP. The time necessary to detect the MPP is dependent on the global system inertia of the machine. In presented test bench, the global time to detect the new MPP is estimated at approximately 2.4s (4x200 ms x3). If the wind speed applied changes the PSO algorithm must be reinitialized automatically to search again a new maximal power point. In this case two following simultaneous conditions must be respected to reinitialize the MPPT controller: Maximum Power curve
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-sudden change in the fitness function.
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Here the first condition imposes a small variation capacity between two iteration steps, error 1  and the second condition imposes a minimum power variation for a new "initialize particles" step, error 2  . The flowchart of this algorithm is given in Fig. 7 where the delay time T  is estimated at 200 ms. 
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Simulation Results and Discussion

The simulations are carried out using Matlab/Simulink mathematical analysis software package. The system component parameters are presented in Appendix 1.

A TCR system composed of a fixed big capacitor 0 75 C µF  and a fixed big inductance 0 335 L mH  is used, whose principle is to adjust SEIG rotational speeds according to an optimal reference speed obtained from an MPPT controller. The simulink program begins with small initial voltage in the d and q axes of the stator due to residual magnetism. The block diagram of the global simulated system is shown in Fig. 8. Initially, the SEIG start up process without pump, until the priming of the SEIG is reached. During this time, we hang the pump and the regulation system. Simulation was carried out for two wind speed profiles applied to the wind turbine, incorporating the proposed MPPT controller. However, to validate the dynamic performance of the proposed MPPT controller, a step wind speed profile shown in Fig. 9 was applied to the wind turbine. In this case, the wind speed has been changed  ) obtains by the PSO MPPT algorithm. Furthermore, the wind turbine power ( w P ) is maintained at the maximum power (PMPP). In fact, the proposed MPPT controller has managed to track the MPP for different values of wind speed (Fig. 13).

To observe the performance of the proposed MPPT algorithm, the instantaneous wave forms of the first line voltage of the SEIG and those of the TCR system is shown and zoomed in Fig. 15.

In Fig. 16 the first line currents of the ISEIG, the first line current ITCR of the TCR system and those of the pump are shown. We can notice that the ITCR changing during each considered interval ( Vw=12m/s, Vw=10m/s, Vw=13m/s) when the reactive power is changed and so the r  respectively the frequency.

Furthermore, to assess the successful working of the proposed MPPT controller for a large value of wind speed, a more realistic wind speed profile illustrated in Fig. 17 was applied to the wind turbine.

Simulation results represent the optimal capacitor variation ( opt C ). Fig. 18, the rotor speed ( G r  ), Fig. 

20

It can be seen from this figure that the maximum value of power of the turbine ( w P ) shown in Fig. 12 is already reached, and it was equal to the MPP power found by the MPPT controller. It can therefore be observed from the simulation results a good tracking capability of the proposed MPPT controller.

The first and the second test involve increasing or decreasing the reference speed keeping the torque constant. The aim of this case is to evaluate the performance of the proposed PSO-MPPT controller. 

Experimental Results and Discussion

Experimental Setup

The configuration of the experimental test bench is shown in Fig. 22. The proposed MPPT algorithm is implemented using a digital controller based on a dSPACE unit. The system components are:

-power-controlled DC motor drive which is used to emulate the characteristics of the wind turbine and to gives Pw at the SEIG shaft.

-2[kW] squirrel-cage induction motor which is mechanically coupled to a break to emulate the centrifugal pump system, a TCR system converter connected in parallel with the SEIG output terminals for the control of the reactive power, and a dSPACE controller board which is interfaced with a PC under Matlab/Simulink. 

Experimental Results

The performance of the MPPT control strategy was validated experimentally using a laboratory test bench composed of an IG which feeds an IM loaded by a specific break characteristic in order to assure a pump emulator. Different wind speed operating conditions are created by a DC motor which receives a power control in order to assure a constant power Pw at the SEIG shaft making it possible to investigate the dynamic characteristics of a SEIG-Pump system and to find the maximum of the power with the proposed method.

Experimental tests were carried out considering two speed profiles applied to the wind turbine, the first considers a decrease and the second an increase of the wind speed turbine. These profiles are used For MPP reaching an adjustment of the SEIG excitation capacitor is applied using a TCR system. We can notice a good power estimation obtained by the proposed algorithm compared to Pw power reference applied to the PWM converter (Fig. 1). The difference between Ppump and Pw corresponds to the DC motor and IG losses. To conclude all steady state analyses results, a summary of the SEIG performance is tabulated in 

Conclusion

This paper presents the performance of a Self Excited Induction Generator Pumping system used in the case of variable wind speed. The system is able to track a maximum power using a generated power as input. The Maximum Power Point Tracking controller sets the generator to work at the optimal rotor speed command, which is achieved through a frequency control loop by changing the reactive power.

The proposed system has been implemented in a real-time application, using two Induction Machine (generator and pump) and a DC motor for emulator of the wind turbine behavior. Simulation and experimental results show the appropriate behavior of the system.

In this paper a new MPPT control algorithm involving PSO technique without use of a rotor speed sensor is proposed. The wind turbine in operation delivers the maximum mechanical output power for a given wind velocity. It is considered that the slip of the SEIG is very small. Therefore, when operating the induction generator with wide rotor speeds achieving MPPT, the frequency of the SEIG is controlled to reach the optimal rotor speed ropt  .

A proposed PSO-MPPT based algorithm is presented in this work as a case study. The advantage of the proposed method is that it does not require the knowledge of wind speed, air density or turbine parameters. The MPPT controller generates at its output the optimum capacitor command opt C for rotor speed control loop using only the instantaneous active power as input signal.

From, the analyses results, the PSO based MPPT has been proved to be useful in tracking the maximum power point and it is able to respond to the changes of wind speed and power coefficients.

However, the global time for tracking of the MPP is dependent by the global inertia of the system and SEIG parameters and can take few second time delay. 
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 151 Fig .1. Schematic block diagram of the experimental test-bench of the wind turbine energy conversion system.

Fig. 2

 2 Fig. 2 Variation of (a) mechanical power curves and (b) power coefficient of the wind turbine for different wind speeds.2.2. Modeling of the Self Excited Induction Generator



  the rotor speed of the wind induction generator.



  is the remanant of the residual flux linkages, G s l the leakage inductance of the stator winding, G r l leakage inductance of the rotor copper arrangement referred to the stator, and G m L magnetizing inductance of the IG.



  inductance of the stator winding, M r l leakage inductance of the rotor copper arrangement referred to the stator and p is the pair of poles. the rotor speed of the induction motor.

Fig. 3 .

 3 Fig. 3. Per phase equivalent circuit of TCR system and open loop control scheme for frequency regulation.

  Fig. 4. Schematic diagram of power estimation: a) wind emulator and power estimation using DC motor electrical signals b) power estimation using SEIG electrical signals.PSO MPPT controlle r

f

  and a rotor speed k rj  . The wind turbine emulator use a characteristic wind curve memorized in a look-up table and a rotor speed estimator to calculate opt P . In the test bench is used a power loop control for DC motor under a PWM chopper to generate the corresponding mechanical power to the SEIG shaft. After the sending of the first capacity value k j C and the establishment of the permanent regime of mechanical and electrical quantities in the generator, voltage and current sensors are used to measure the electrical power and to estimate the mechanical power ( k wj P ) applied at the SEIG shaft. In the same iteration k the TCR system receives the second reference of the capacity value 1 k j C  , which imposes to the DC machine a new mechanical shaft power 1 k wj P  . The last value of the capacity for the iteration k is p k N C . Each time necessary to establish the permanent regime and to measure electrical variables ( DC U and DC I ) for k j C depends on the global inertia system, parameters of the SEIG and requires for presented system approximately 200 ms. For practical implementation the number of particles p N must be limited ( 4  p N

3. 3 .

 3 Application of PSO Algorithm for MPPTIn this paper, the initial p

which corresponds to a mechanical power ( 1

 1 

  C . These new particles are marked with square points in Fig.6.a. A new best personal particle which represents the best particles between the latest and the previous iterations corresponding to the greater best power

Fig. 7 .

 7 Fig. 7. Flowchart of PSO -MPPT proposed algorithm.

Fig. 8 .

 8 Fig. 8. Global simulink model for the wind turbine energy conversion system.

  /s to 12 m/s and back to 13 m/s. The wind profile was to be changed again from 10 m/s to 13 m/s and back to 10 m/s. The simulated waveforms of optimal capacitor, ( opt C ), Fig. 10, rotor speed ( G r  ) Fig. 11, shaft power of wind turbine ( w P ) Fig. 12 and pump ( pump P ), wind turbine curve f( , G w r P  ) Fig. 13 terminal RMS phase voltage ( s U ) and frequency( f ) Fig. 14 are presented for the step change of the wind speed ( w V ). It can be seen from Fig. 11 that the real rotor speed ( G r  ) is converged to the optimal rotor speed ( G ropt

  19 the active power of wind turbine ( w P ), pump ( Pump P ), estimation power by MPP algorithm PMPP, Fig. 20, terminal RMS voltage ( s U ) and frequency ( f ) Fig. 21, gives the time evolution of presented parameters.

Fig . 9 .

 9 Fig . 9. Step wind speed profile for simulation tests.

Fig. 10 . 21 :Fig. 11 .Fig. 12 .

 10211112 Fig. 10. Variations of optimal capacitor during step wind speed variation; V=13m/s and V=12m/s.

Fig. 13 .

 13 Fig. 13. Mechanical power of wind turbine characteristics and estimated power by MPP algorithm.

Fig. 14 .Fig. 15 .

 1415 Fig. 14. Variations in RMS phase line voltage and frequency of the SEIG during wind speed step variation.

Fig. 16 .

 16 Fig. 16. Instantaneous first line currents of a) SEIG, b) TCR system and c) IM (pump) under wind speed perturbations.

Fig. 17 .Fig. 18 .

 1718 Fig. 17. Realistic wind speed profile used in the second simulation tests.

Fig. 19 .Fig. 20 .Fig. 21 .

 192021 Fig. 19. Variations of optimal rotor speed and measured rotor speed during wind speed variation.

  The output signals of the voltage and current transducers are sampled in dSPACE DSP under DS1104-ADC blocks. Low pass filters are used in measuring units to eliminate the unwanted highfrequency noise. The PWM pulses from the dSPACE are sampled under a DS1104-DSP-PWM block to generate standard 10 kHz fixed-frequency PWM pulses.

Fig. 22 .

 22 Fig. 22. Constituting elements of the experimental test bench.

  performances of the new proposed PSO MPPT controller algorithm and to analyze the signal variations. During the tests, a step wind (power) variation is considered. The following tree pictures (Fig. 23, Fig. 24 Fig. 25) shown the evolution of specific parameters during the decreasing wind speed. As the frequency is dependent on the rotor speed the step reference is highlighted by the frequency reference presented in Fig. 23. For experimental induction machines characterized by the parameters presented in Appendix 1, the frequency 50 Hz corresponds to 13 m/s wind speed and the frequency 47.4 Hz to 12 m/ s wind speed. The transitory time includes the inertia of the SEIG-Pump system and also of the wind turbine emulator which uses a power control loop.

Fig. 23 .

 23 Fig. 23. Wave forms of reference frequency fref and SEIG measured frequency fmes for wind speed switching from Vw = 13m/s to Vw = 12 m/s and return to 13 m/s.The reference power Pref applied at the SEIG, the estimated power obtained from PSO algorithm and

Fig. 24 .

 24 Fig. 24 . Wave forms of reference power Pref , estimated power Pw obtained by PSO-MPP algorithm and the power consumed by the pump Ppump for wind speed switching from Vw = 13m/s to Vw = 12 m/s and return to 13 m/s. The RMS voltage variation measured at the SEIG output is presented in Fig. 25. Here during the

Fig. 25 .

 25 Fig. 25. Measured phase RMS voltage at the SEIG output for wind speed switching from Vw = 13m/s to Vw = 12 m/s and return to 13 m/s. For considered speed (power) variation the wave forms of recording signals are presented in Fig. 26.

Fig. 26 .

 26 Fig. 26. Wave forms of recording signals : top lines show voltage and current lines measured at the SEIG output, bottom lines show voltage and current lines of TCR system for wind speed switching from Vw = 13m/s to Vw = 12 m/s and return to 13 m/s.The following tree pictures show the signal variations ( frequency, power, voltage, ) in the second

Fig. 27 .

 27 Fig. 27. Wave forms of reference frequency fref and SEIG measured frequency fmes for wind speed switching from Vw = 10m/s to Vw = 13 m/s and return to 10 m/s. For this case the power estimation PMPP obtained by the proposed algorithm and the measured power

Fig. 28 .

 28 Fig. 28. Wave forms of reference power Pref, estimated power Pw obtained by PSO algorithm and the power consumed by the pump Ppump from Vw = 10m/s to Vw = 13 m/s and return to 10 m/s. The variation of the RMS voltage measured at the SEIG output for wind speed switching from Vw =

Fig. 29 .

 29 Fig. 29. Wave forms of the SEIG RMS voltage for wind speed switching from Vw = 10m/s to Vw = 13 m/s and return to 10 m/s.
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 1 Reactive powers of the TCR system, the capacitor and the inductance J Global inertia of system.The considered induction generator is characterized by: 380/ 660V , 7.3 / 4.2A , 1420 rpm ,

  The considered induction motor is characterized by: 380/ 660V , 5.2 / 3A , 1420 rpm ,

  

  

  the searching space (between min C

	and max	
	k P and best	1  P ), the particle gives k best
	the minimized value of the	

C

). The particles have memory to keeps track of its previous best particle called best P which corresponds to an optimal fitness function opt Fit (a mathematical function where the objective is to be minimized by changing the particles) obtained for iteration k. After the second iteration (k+1) is memorized (between opt Fit . This particle (capacity in presented application) is called best G . This concept considers a random weighted acceleration at each time step

[START_REF] Helwig | Particle Swarm Optimization with Velocity Adaptation[END_REF]
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  are the low bound and the upper bound values of the optimal capacitor Copt. The objective of the PSO algorithm is to maximize the generated power of the wind turbine (
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	Tab.1 Steady state results					
		Simulation Results		Experimental Results	
	Vw(m/s)	12	10	13	12	10	13
	Vs(V)	285.5	274.4	303	284	278	308
	f(Hz)	47	45	50	47.4	45.1	50
	PMPPT(W)	1660	1598	1880	1640	1580	1870
	PPump(W)	1352	1250	1462	1335	1247	1460
	Losses(W)	308	348	418	305	333	410
	η (%)	81.5	78.2	77.7	81.4	78.9	78