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This paper presents a control scheme of a power generation system based on a dual star squirrel-cage induction machine operating as an induction generator. The operating mode based on an excitation control scheme is chosen to ensure a controlled magnitude and frequency of the generator output voltage. Some preliminary simulation and experimental test results, carried out on a prototype of dual star induction machine operating as generator and supplying various loads under different conditions, are presented and discussed.

Introduction

Induction machines are widely used in various areas and vast range of energy conversion applications. Since, the benefits of induction machines are well known and amply demonstrated, currently, they are faced to mutations towards new applications as renewable energy generation. Nevertheless, the control principle is difficult and complicated because the induction generator can only be fed through the stator side which constitutes the excitation and generation part at the same time. Thus, at present induction generators are particularly used in small and isolated power plants based on wind turbine or hydroelectric generators [START_REF] Watson | Controllable d.c. power supply from wind-driven self-excited induction machines[END_REF]- [START_REF] Raini | Wind energy conversion using a self-excited induction generator[END_REF]. However, the power electronics developments in conjunction with control theories have encouraged researchers to conduct substantial works and to bring attention to the opportunity of emergent applications of induction generators. Among the new challenges, multiphase induction machines are considered as promising solution for renewable energy applications [START_REF] Bu | Control Strategy and Dynamic Performance of Dual Stator-Winding Induction Generator Variable Frequency AC Generating System With Inductive and Capacitive Loads[END_REF]. Accordingly, apart the fact that high phase order drives possess some advantageous features as compared to conventional three-phase drives, such as reducing the amplitude and increasing the frequency of torque pulsation, reducing the rotor harmonic currents, power segmentation, high reliability and increased power [START_REF] Klingshirn | High phase order induction motors-Part I: Description and Theoretical consideration[END_REF], the number of phases can be used as an additional degree of freedom to make this kind of machines suitable for renewable energy applications. The main objective of this paper is to present some preliminary test results carried out on a dual star induction machine operating as an induction generator and supplying various loads under different conditions. Hence, this paper presents an excitation control scheme of the dual star induction generator (DSIG) to ensure a controlled magnitude and frequency of the output voltage, as shown in Fig. 2. This control scheme is presented to overcome the problems encountered in case of the selfexcited induction generator, which is an open-loop operating mode and the generated voltage amplitude and frequency depend on the rotating speed and the size of the excitation capacitors, therefore this operating mode is suitable for loads which are not sensible to voltage and frequency variations [START_REF] Nounou | Six-phase induction machine operating as a standalone self-excited induction generator[END_REF]. Also, in order to support this study simulation results are presented and validated by some experimental tests, conducted on a 5.5kW prototype of dual star squirrel-cage induction machine supplying different electrical loads.

Power Generation System Description

The energy conversion system consists of a DSIG with stator windings separated into two identical three-phase winding sets. The generator is driven by a prime mover and is feeding static loads. The control scheme of the DSIG ensuring a controlled magnitude and frequency of the output voltage is shown in Fig. 1. So, the first star is connected to a PWM-VSI and used as excitation or control winding (CW) which provides the necessary reactive power, while the second one acts as power winding (PW) connected to the load and meets the active power demand. This system presentation is adopted in order to get a general representation model which can be later used to develop control strategies similar to that of doubly-fed induction generator. So, one three-phase winding set can be used for excitation purpose as control winding, while the second one can be used as power generation winding. 

Modeling of the DSIG

The real model of the induction generator is exactly similar to that of an induction motor and the only difference lies in placing a minus sign before the current phase symbolizing the generator mode instead of a motor one. Also, the model of the DSIG can be easily pointedout based on that of the six-phase motor, moreover, as the stator winding is separated into two identical three-phase winding sets, the usual Park transform can be applied to each three-phase set separately, adopting the usual simplification assumptions [START_REF] Lipo | A dq model for six phase induction machines[END_REF]- [START_REF] Marouani | Contribution à la commande d'un entraînement électrique à base de moteur asynchrone double étoile[END_REF]. Thus, the SPIG model expressed in the synchronous reference frame is decomposed into two main sub-models for the stator side and one sub-model for the rotor side as in a following.

A. Stator Voltage Equations

The stator voltage sub-models are noted (sd 1 -sq 1 ) for the first stator winding set and (sd 2 -sq 2 ) for the second stator winding set, as follows:
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B. Rotor Voltage Equations

The rotor sub-model is noted (rd-rq) and written as follows:
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C. Stator And Rotor Flux Equations

Also the transformed stator and rotor flux are presented according to the three sub-models as follows: 
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In order to simplify the flux equations, the rotor flux 

m m m L I   (7)
The magnetizing current is given by:
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The magnetizing inductance L m is a non-linear function of the magnetizing current m I and depends on the saturation level. The magnetizing inductance constitutes an important parameter for the generator model and it can be determined using the machine real magnetizing curve. So, its analytical expression can be written as follows [START_REF] Nounou | Six-phase induction machine operating as a standalone self-excited induction generator[END_REF], [START_REF] Nesba | Caractérisation du phénomène de la saturation magnétique de la machine asynchrone[END_REF]. The complete model of the DSIG is established according to a particular scheme considering the stator winding as two three-phase sets sharing the same magnetic circuit. The next section presents the simulation results of the excitation control scheme of the SPIG, supplying various loads under different conditions, to ensure a controlled magnitude and frequency of the output voltage (Fig. 1), followed by some preliminary experimental tests to validate the developed model.

Excitation Control System Description

Figure 2 presents the control principle of the DSIG where the excitation VSI is feeding the CW with a battery source or a capacitor. The control of the VSI is based on a simple technique using the desired peak value of the PW phase voltage as a reference which is compared to the measured value and regulated with a PI controller to ensure the voltage magnitude regulation. Also, the output voltage frequency can be imposed using an input modulation signal multiplied by the voltage magnitude at the PI output, in order to form the VSI reference signals which constitute the PWM bloc input [START_REF] Ojo | PWM-VSI inverter-assisted standalone dual stator winding induction generator[END_REF]. 

Excitation Control System Description

Simulation of the whole model of the DSIG (Fig. 2) is performed for different operating cases under various conditions. Hence, the DSIG voltage and current wave forms at the terminal of the stator windings are firstly presented at no-load and then for a resistive (R) load. Also, the influence of mechanical speed variations on the voltage generation is shown. So, Fig. 3 shows the peak value of the PW phase voltage and its reference at no-load and then for a resistive (R) load of 100 Ω at t=0.7 sec. Also, the influence of mechanical speed variations from 1000 rpm to 715 rpm at t=1 sec and then to 1098 rpm at t=1.5 sec are shown. It can be observed that after each variation, the PW phase voltage returns to its reference value by the mean of the PI controller. Moreover, Fig. 4 shows the voltage wave forms at the terminal of the PW, at the same previous conditions, and confirms that the voltage magnitude (220V) and frequency (50Hz) are kept constant and balanced before as well as after load and speed variations. 
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(a) PW terminal voltage before and after load and speed variations.

1.16 1.17 Figure 5 shows simulated load voltage (divided by 50) and current waveforms of the PW feeding a resistive load of 100 Ω. It can be revealed that the CW inverter injected harmonics which can be induced in the load are minimal due to the rotor action. Figure 6 shows that the CW voltage (divided by 30) and current components are in quadrature. As the CW is used for excitation purpose and only provides the necessary reactive power, it is shown that under well-defined conditions they are in quadrature (reactive current). Also, Fig. 7 shows the active and reactive power curves at the CW side, and confirms that the inverter provides only the reactive power. 

Experimental Results Of DSIG Control

Experiments are carried-out on an experimental test bench to check the simulation results. The laboratory test bench consists of a dual star induction machine (DSIM: 5.5kW, 6 poles) configurable as symmetrical or asymmetrical sixphase induction machine operating as generator and coupled to a DC motor used as prime mover as shown in Fig.

8 [START_REF] Marouani | Experimental investigation of an emulator "Hardware In the Loop" for electric naval propulsion system[END_REF]. The experimental tests on the SPIG are done for the same operating cases and conditions as well as the simulation tests presented above.

Fig. 8. Photography of the experimental test bench.

. In order to verify the simulation results of the DPIG excitation control scheme (Fig. 2), experimental results are presented in this section. Figure 9 shows the generated voltage waveforms at no load with a magnitude corresponding to a reference value of 220V. They are balanced and their frequency is equal to 50Hz. Figure 11 shows that the measured peak value of the PW phase voltage follows its reference before and after a speed variation using a simple PI regulator. 

Conclusion

A dual star induction machine (DSIM), operating as an induction generator, supplying various loads under different conditions, is investigate by a series of simulation and experimental tests. Since, the DSIG has high number of phases, control strategies similar to that of doubly-fed induction generator can be developed and applied in order to adjust the generator output voltage and frequency. Thus, an operating mode based on an excitation control scheme of the DSIG is presented to ensure a controlled magnitude and frequency of the output voltage. So, the first star is connected to a PWM-VSI and used as excitation or control winding (CW) which provides the necessary reactive power, while the second one acts as power winding (PW) connected to the load and meets the active power demand. However, it is necessary to add a regulation loop of the excitation battery or capacitor voltage, which only can be maintained stable as long as the mechanical shaft input active power meets the load active power demand. Also, in order to make this kind of machines suitable for renewable energy applications, other control techniques can be developed.
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 1 Fig. 1. Control scheme of the DSIG.

  stator side are introduced instead of r  and r I variables. The parameter L m is the magnetizing inductance which expresses the relation between the total magnetizing flux m  and current m I , as follows:
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 3 Fig. 3. The peak value of the PW phase voltage and its reference.
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 5 Fig. 5. Voltage and current waveforms of the PW with a load of 100 Ω.
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 6 Fig. 6. CW voltage and current components.
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 1010 Figure10shows the voltage (yellow curve) and current (blue curve) waveforms with resistive load.
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 11 Fig. 11. The peak value of the measured PW phase voltage and its reference.

Appendix

The constant coefficients of the magnetizing characteristics of SEIG are as follows: