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In recent years, the industrial dire need of sensorless techniques, make them more popular and universal, for highperformance sensorless vector control of induction motor drive, this paper investigates the application of fuzzy logic controller in the adaptive mechanism of Luenberger state observer, in order to ameliorate the estimation of rotor speed. The fuzzy logic adaptive mechanism performances are compared to those based on the PI controller. The obtained estimation results by PI and fuzzy adaptive mechanisms through hardware implementation with dSpace 1104 are recorded and compared under a variety of operating conditions. The experimental results show that the performances of the fuzzy sensorless indirect rotor field oriented controlled induction motor in terms of response, relative error, overshoot and torque ripples are very promising.

I. INTRODUCTION

The three-phase asynchronous motor is extensively used in the industry, its simplicity of construction, low cost and least maintenance, ruggedness, high performances and remarkable reliability are all advantages that convince manufacturers to use this type of engines [START_REF] Kandoussi | Luenberger observer based sensorless Indirect FOC with stator resistance adaptation[END_REF][START_REF] Ameid | Broken rotor bar fault diagnosis using fast Fourier transform applied to field-oriented control induction machine: simulation and experimental study[END_REF][START_REF] Talhaoui | Experimental diagnosis of broken rotor bars fault in induction machine based on Hilbert and discrete wavelet transforms[END_REF][START_REF] Azzoug | Fault Tolerant Control for Speed Sensor Failure in Induction Motor Drive based on Direct Torque Control and Adaptive Stator Flux Observer[END_REF]. Its major advantage is represented in the absence of sliding electrical contacts. Otherwise, the induction motor has also a few limitations such as the nonlinearity system, and multivariable mathematical model [START_REF] Bojoi | Sensorless Direct Field-Oriented Control of Three-Phase Induction Motor Drives for Low-Cost Applications[END_REF], these problems can be resolved by many technique of machine control, particularly the field oriented control (FOC), which allowed to get the decoupling between the flux and the torque, an independent control [START_REF] Blaschke | The principle of field orientation as applied to the new transvektor closed-loop control system for rotating field machines[END_REF] like direct current (DC) machine and high performance in variable speed.

The closed-loop control of the induction motor requires the knowledge of the rotor speed and/or position, which leads us to add an advice that can provide this information like the incremental encoder, the tachometer, or resolver... The implementation of one of these sensors, which is usually the incremental encoder to measure the rotor velocity can cause several problems such as the requirement of a high cost, the speed sensor needs an additional place, furthermore, due to its sensitivity it is not recommended to work in sever environments [START_REF] Du | Design and application of extended observers for joint state and parameter estimation in high-performance AC drives[END_REF].

To avoid all these problems, several methods have been suggested recently for state estimation of sensorless induction motor drives, specifically aimed at determining the motor speed like Luenberger state observer (LSO) [START_REF] Kubota | Speed sensorless field-oriented control of induction motor with rotor resistance adaptation[END_REF], model reference adaptive system (MRAS) [START_REF] Kumar | Sensorless control of IM using MRAS strategy and its closed loop stability analysis[END_REF], extended Kalman filter (EKF) [START_REF] Ameid | Simulation and real-time implementation of sensorless field oriented control of induction motor at healthy state using rotor cage model and EKF[END_REF], sliding mode observer (SMO) [START_REF] Andrade Pereira | Improved Sensorless Vector Control of Induction motor Using Sliding Mode Observer[END_REF], and observers based on artificial intelligence like neural network (NN), and fuzzy logic (FL) [START_REF] Karanayil | Online Stator and Rotor Resistance Estimation Scheme Using Artificial Neural Networks for Vector Controlled Speed Sensorless Induction Motor Drive[END_REF].

The proposed estimator in this paper is the Luenberger observer; its stability is provided and guaranteed by the Lyapunov theory. The adaptive mechanism is traditionally implemented by proportional-integral (PI) controller. However, the parameter variation such as stator resistance can effect speed estimation accuracy. In order to get good performance estimator, a fuzzy logic controller (FLC) is used in this work to estimate the rotor velocity without a need of other parameters estimation, the proposed algorithm has been compared to the conventional one using a PI controller. The global control scheme is examined by an experimental implementation.

II. THE INDIRECT FIELD ORIENTED CONTROL

A. Induction motor model dedicated for the control Among the various forms of models used to represent the induction motor, we will use the one which is presented in the reference frame ( , ) d q linked to the rotating field, and takes the stator currents, the rotor fluxes and the rotational speed as state variables, the voltages as control variables, this model is expressed by the following system of equations:
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B. Vector control principal

The indirect rotor field oriented control (IRFOC) of the induction motor has an objective to make the control similar with the separately excited DC motor, where the control of flux and torque is realized independently.

In this case, the oriented rotor flux implies the following:
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From ( 3), ( 5) and ( 7), the flux and the torque expressions become:
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The electromagnetic torque depends only just on one single current which is the quadratic stator current sq I (9), so the electromagnetic torque is similar to the one of DC machine presented in the following equation:
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We have two independent action variables such as the DC machine, one for adjusting the flux ( ) sd I , the other one for adjusting the torque ( ) sq I .

And (4) becomes:
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With the integral of [START_REF] Andrade Pereira | Improved Sensorless Vector Control of Induction motor Using Sliding Mode Observer[END_REF] we get the angle s  which will be used in all transformations.
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III. SENSORLESS INDIRECT FIELD ORIENTED CONTROL (IFOC) USING LUENBERGER STATE OBSERVER

A Luenberger observer is chosen which belongs to the group deterministic of closed loop observers. Its configuration is based on the deterministic model of the system. Measuring the inputs and the outputs, this observer can reconstitute the state of the system. When we have an unknown parameters or unmeasured variable, the Luenberger state observer (LSO) is used to estimate them, like the stator resistance, the rotor flux and speed of an induction motor.

A. ( , )

  model of Induction motor

In order to design a high performances speed estimator, and establish a good compromise between stability and simplicity of the observer, a model of the machine drive is defined in the reference linked to the coordinate ( , )   . The IM model is described by the following state equation: The Luenberger speed observer equation is given by: ˆ( )
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The symbol ^ denote estimated value and K is the observer gain matrix, using the Lyapunov theory to deduce the mechanism of adaptation speed [START_REF] Ammar | Adaptive MRAC-based direct torque control with SVM for sensorless induction motor using adaptive observer[END_REF]. The stator current and rotor flux estimation error is given by [START_REF] Djamila | Simultaneous Estimation of Rotor Speed and Stator Resistance in Sensorless Indirect Vector Control of Induction Motor Drives Using a Luenberger Observer[END_REF]: 
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With ˆr  is the rotor velocity estimated by the adaptive observer. The rotor speed estimation is given by the Eq. 23, obtained through equality between the second and the third term of Eq. 22: 
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With p K and i K are the positive gains of the PI controller.

The return loop of the gain matrix K is selected to ensure the high dynamics and performances of the global adaptive Luenberger observer (ALO).
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Where l is a positive factor calculated by using pole placement approach [15]. Finally the overall diagram of fullorder Luenberger estimator is shown in Fig. 1.

C. Law of control based on fuzzy logic (FL)

The adaptive mechanism of the Luenberger observer is modified by applying the speed setting signal on the FLC, Fig. 2 shows the fuzzy logic controller FLC design. The inputs of FLC are speed tuning signal E and its changes CE , the output is estimated speed ˆr  . The symmetrical triangular membership functions shown in Fig. 3a complete fuzzification and defuzzification processes. Also, 

IV. EXPERIMENTAL RESULTS

The sensorless IRFOC using Luenberger observer based on fuzzy logic (FL) adaptive mechanism has been applied, analyzed and compared with the one based on PI controller for different variable reference speed and mechanical load torque. As a matter of fact, the experimentation has been achieved by feeding a 1.1 kW induction motor, using Matlab-Simulink and dSpace DS1104 real time controller board. The experimental test bench is shown in Fig. 4.

The experimental results of the sensorless IRFOC based on Luenberger observer have been obtained by a high frequency digital oscilloscope across the liaison of digital to analog converter (DACH) of the real-time interface. The figures below show the induction motor behavior under various drive states, such as the steady state, load application, low-speed and reverse speed test, comparing the classical PI and FL controller applied in the adaptive scheme of LO. The waveforms for the PI controller are shown in Fig. 5, and Fuzzy Logic controller in Fig. 6. Fig. 5a and Fig. 6a show the convergence of the estimated and measured speed toward the reference progressively from 0 to 1000 rpm, but the error between real and estimated speed at 1000 rpm is 10% for the PI controller, whereas, speed error is 1% for the FL controller.

A. Experimental results of PI controller

Besides, Fig. 5b and Fig. 6b show a stator phase currents and electromagnetic torque performances, it is noted that there is a reduction of ripples in torque and few harmonics in phase currents for FL controller compared to PI controller.

The experimental results shown in Fig. 5c and Fig. 6c prove that the rotor fluxes converge for their final values ( rd r    and 0 rq   ). Hence, the control is decoupled.

As second test (speed reverse 1000 rpm to -1000 rpm), from Fig. 5d and Fig. 6d, the speed error is 10% for PI controller with response time of 1.1s, contrariwise, speed error is 1% for FL controller and response time of 0.5s, we deducting that fuzzy controller is more than twice as fast as PI controller.

As seen in Fig. 5e and Fig. 6e waveforms present the dynamic response of the system at low speed (200 rpm). Speed error of FL controller (5%) is more than twice less than PI controller (12%).

The estimated speed get through the full-order Luenberger observer based on FL adaptive mechanism isn't disrupted by the load torque application and follows perfectly the speed reference (Fig. 6f), contrary to the one based on PI controller that shows a small error in the speed (Fig. 5f).

V. CONCLUSION

In this work, an experimental Implementation of sensorless indirect field oriented controlled induction motor using Luenberger state observer has been presented, the fuzzy logic controller was used in the adaptive mechanism and compared to the conventional one based on PI controller. Different operation conditions have demonstrated the higher efficiency and better dynamic response of the proposed fuzzy logic adaptive mechanism; this can be proven clearly from the decrease of settling time, overshoot and the relative error compared to the traditional method over a wide range of tests. Therefore, the fuzzy logic can be a good solution to improve the performance of the sensorless drive. APPENDIX 
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  is a positive constant The expression (23) is established for a constant velocity, so as to ameliorate the feedback of the rotor position estimation in various condition, the law of the control is modified according to the following relation:
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		INDUCTION MOTOR PARAMETERS	
	Specifications		Parameters	
	Nominal power [kW]	1.1	Rs [Ω]	6.75
	Nominal voltage [V]	400	Rr [Ω]	6.21
	Nominal current [A]	2.5	Ls [H]	0.5192
	Frequency [Hz]	50	Lr [H]	0.5192
	Number of pole pairs	2	M [H]	0.4957
	Nominal speed [rpm]	1450	J [Kg.m 2 ]	0.0124
			f [Nm.s.rad -1 ]	0.002