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Abstract-Experimental results on the magnetic saturation effects on the control of a small synchronous reluctance machine (600W) are presented in this paper. A new model of the machine, including saturation effects and cross magnetization is first developed. An approach based on total and mutual inductances is followed instead of the traditional approach via magnetizing and leakage inductances. All the electrical and mechanical parameters measurement required for the simulations are given. A rotororiented vector control of the synchronous reluctance machine is achieved with a DSP board (TMS320C31) and experimental results are presented. When the magnetic circuit is saturated, the simulation with the developed model shows a good accuracy of the results when they are compared to the experimental ones.

Index Terms-synchronous reluctance machine, saturation, vector control.

I. NOMENCLATURE usd, usq:

d-and q-axis stator voltages, isd, isq: d-and q-axis stator currents, ia, ib: d-and q-axis damper currents, Ψsd, Ψsq: d-and q-axis total stator flux linkages, Ψrd, Ψrq: d-and q-axis total rotor flux linkages, Rs, Rr:

stator and rotor resistances, Ld, Lq: d-and q-axis stator unsaturated inductances, LD, LQ: d-and q-axis rotor unsaturated inductances, Md, Mq: d-and q-axis unsaturated mutual inductances,

D d 2 d d L . L M 1 - = σ : d-axis total leakage coefficient, Q q 2 q q L . L M 1 - = σ : q-axis total leakage coefficient, r D D R L T = : d-axis rotor time constant, r Q Q R L T = :
q-axis rotor time constant, ωe: electrical speed of the rotor reference frame, p: number of pole pairs.

II. INTRODUCTION

S known, an important part of electrical machines is made of ferromagnetic materials. These materials have non-linear magnetic characteristics. When the total magnetomotive force (which depends on the stator and rotor currents) in the machine increases, saturation of the ferromagnetic parts appears. The result of the saturation effects is a variation of the stator and rotor inductances. These parameters are used in the mathematical model of the machine and particularly in the electromechanical torque expressions. As a consequence, the control of the machine is drastically affected in terms of precision and dynamics.

A lot of researchers have studied the effects of magnetic saturation for a long time and have integrated it into the mathematical models of the electrical machines [START_REF] Vas | Generalized transient analysis of saturated a-c machines[END_REF]- [START_REF] Vagati | High-performance control of synchronous reluctance motors[END_REF]. The generalized analytical treatments of the main flux saturation in the orthogonal axis models of smooth air-gap ac machines have first been developed in [START_REF] Vas | Generalized transient analysis of saturated a-c machines[END_REF]- [START_REF] Boldea | Unitary treatment of core losses and saturation in the orthogonal-axis model of electric machines[END_REF]. The influences of the saturation on the leakage inductances values have been investigated in [START_REF] Lipo | Modeling and simulation of induction motors with saturable leakage reactances[END_REF]. Several authors have studied the consequence of saturation on the transient responses of a fieldoriented controlled induction machine [START_REF] Lorenz | Saturation effects in field-oriented induction machines[END_REF]- [START_REF] Lemaire-Semail | Modelling of vector controlled cage induction motor with FEM[END_REF]. For the synchronous reluctance machine (SynRM), different models have been proposed to take into account the effects of the magnetic saturation. The study developed in [START_REF] Harley | Comparative study of saturation methods in synchronous machine models[END_REF] have suggested a model using d and q saturation factors, which are a function of the flux in their respective axes. However, experimental results have shown the importance of the cross magnetizing effect in saturated synchronous machines [START_REF] El-Serafy | Experimental study of the saturation and the cross magnetizing phenomenon in saturated synchronous machines[END_REF] and the necessity to include this phenomenon in the mathematical representation of the synchronous reluctance machines [START_REF] Levi | State-space d-q axis models of saturated salient pole synchronous machines[END_REF]- [START_REF] Vagati | Impact of cross saturation in synchronous reluctance motor of the transverselaminated type[END_REF]. The impacts of saturation on the performance of vector controls of synchronous reluctance motors are shown in [START_REF] Xu | Vector control of a synchronous reluctance motor including saturation and iron loss[END_REF]- [START_REF] Vagati | High-performance control of synchronous reluctance motors[END_REF] and in [START_REF] Tounzi | Vector control of a smooth stator reluctance machine taking into account saturation and damping effects[END_REF].

In this paper, experimental results of magnetic saturation effects on the control of a small synchronous reluctance machine (600W) are presented. A new saturated model of the machine including only measurable parameters and using a single saturation factor is first developed. An approach based on total and mutual inductances follows in place of the traditional approach with magnetizing and leakage inductances. Electrical and mechanical parameters measurement required for the simulation are given. Using a DSP board (TMS320C31), a rotor-oriented vector control is achieved. Experiments are carried out for transient operations Magnetic saturation effects on the control of a synchronous reluctance machine Thierry Lubin, Hubert Razik, Member, IEEE, and Abderrezak Rezzoug, Member, IEEE A and are compared with the simulation in the case of both unsaturated and saturated conditions. The simulation show the importance of using a saturated model to obtain a good agreement of results when they are compared to the experimental ones.

III. MODELING

The cross section of the stator and rotor structure of the studied synchronous reluctance machine is shown in Fig. 1. The stator is made with symmetrical three phase windings and the rotor contains a squirrel cage. For the modeling, magnetic hysteresis, the skin effect (in the rotor bars) and iron losses are neglected. The air-gap magnetomotive forces are assumed to be sinusoidally distributed. The two-axis representation of the electrical equivalent machine is given in Fig. 2.

The voltage equations of the two-axis representation written in the rotor reference frame are:
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The stator and rotor flux linkage in equations ( 1) to ( 4) are related to the currents as follows:
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Fig. 1 Cross section of the studied machine. Introducing magnetizing currents Imd and Imq in the two axis, stator flux linkages become:
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Usually, total inductances are split up into a leakage and a magnetizing component. Magnetizing inductance changes with the saturation level and the leakage one are supposed to remain constant. We don't make this distinction in this paper for several reasons. Firstly, we want to obtain a saturated model with only measurable parameters and we know that it is difficult to obtain stator and rotor leakage inductances separately by tests. Secondly, the hypothesis of constant leakage inductances with saturation is very disputable in ac machine as it is shown experimentally in [START_REF] Boldea | Leakage reactance saturation in induction motors[END_REF].

A single factor saturation is used here to take into account the effects of magnetic saturation [START_REF] Pierrat | Models unification for the saturated synchronous machines[END_REF]. This saturation factor is a function of an equivalent magnetizing current obtained by converting an anisotropic machine into an equivalent isotropic one. This method has been applied in the case of main flux path saturation [START_REF] Levi | State-space d-q axis models of saturated salient pole synchronous machines[END_REF][START_REF] Tahan | A two-factor saturation model for synchronous machine with multiple rotor circuit[END_REF]. For the model that we develop, equivalent magnetizing current Im is defined as follows where k is the saliency factor.
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It is assumed that the d-axis and the q-axis inductances (total and mutual inductances) saturate to the same level under all operating conditions. The saturation factor Ks is defined by the ratio between saturated inductance and the unsaturated one. 
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Currents Ird and Irq defined in equations ( 16) and ( 17) are an image of the saturated rotor flux linkage and will be used next in this paper as state space variables.

Saturation factor variation can easily be measured from the no-load test or the d-c test at standstill [START_REF] Kaminosono | New measurement of synchronous machine quantities[END_REF]. The results obtained for the machine studied in this paper are shown in Fig. 3. As shown in [START_REF] Widger | Representation of magnetisation curves over extensive range by rational fraction approximations[END_REF], a close estimate for the saturation factor is obtained by using a rational fraction [START_REF] Kaminosono | New measurement of synchronous machine quantities[END_REF]. The values of coefficients are given in the appendix.
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The new model of the saturated synchronous reluctance machine is given below. The choice of Ψsd, Ψsq, Ird and Irq as state-space variables allows to obtain a model where the first derivative of Ks(Im) is not necessary and where parameters are all measurable thanks to classical tests. The unsaturated model is easily obtained with Ks = 1 ( )
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All the parameters which appear in equations ( 19) to ( 22) have been measured under unsaturated conditions [START_REF] Lubin | Modeling and identification of a synchronous reluctance machine with a squirrel cage[END_REF] and are summarized in Table I. The equation of motion and the expression of the electromechanical torque are written as:
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where J is the moment of inertia, f the friction coefficient and Tr the load torque. The values of J and f are given in the appendix.

IV. CONTROL

A functional block diagram of the synchronous reluctance machine vector control is given in Fig. 4. The SynRM is fed by a voltage-source PWM inverter. The control is achieved with a DSP board (TMS320C31). The constant d-axis current strategy is used [START_REF] Betz | control of synchronous reluctance machines[END_REF]. Conventional PI controllers (25) are used for current loops (d-axis and q-axis current controllers) with a sample time of 200µs.
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The results of the calculation of the PI controllers gains are given in Table II. These controllers allow to obtain good dynamic performances for current loops (a response time of 3ms in both d-axis and q-axis current loops). For the speed loop, an IP controller with an integrator antiwindup is used. IP algorithm is executed to generate the needed Isqref current reference. The simulation algorithm is written in C language and we use a standard fourth-order Runge-Kutta integration routine. 

A. Test under unsaturated conditions

A first experimental test has been made under unsaturated conditions. Low values of Isd (Isdref = 1.5A) and Isq have been chosen (a small range of change in speed reference allows to obtain a low value for Isq). Simulation tests have been made with both the saturated model by using Ks(Im) defined in equation ( 18) and the unsaturated one (by using Ks=1) and the same results have been obtained (Fig. 6 and Fig. 6b). Other simulation results have been obtained by using the unsaturated model with the value of the saturation factor that corresponds to the rated operating conditions (Ks=0.6).

The results of the experimental test for the q-axis current, the speed and the phase current are shown in Fig. 5 and Fig. 5b. We observe a good accuracy between the experimental and the simulation results (with Ks(Im) or Ks=1). The speed, the q-axis current and phase current waveforms are almost the same in shape as predicted by simulation studies. The conclusion of this test is that under unsaturated conditions, both the classical model (Ks=1) and the saturated model of the synchronous reluctance machine are adequate to predict the dynamic responses (speed and q-axis current) of the control with a high precision.

B. Test under saturated conditions

The second experimental test has been made under saturated conditions. The value of Isd has been fixed to 2.5A and the value of Isq is high (a large range of change in speed reference allows to obtain a high value for Isq). The results of the experimental test and of the simulation one for the d-axis current, the q-axis current, the speed and the phase current are given in Fig. 7 and Fig. 7b and in Fig. 8 and Fig. 8b . We can observe important differences between experimental and simulation results when the unsaturated model is used (Ks=1). The essential main difference between the test and simulated waveforms is a longer time of the transient for the speed in the experimental results. This difference can be explained as the impact of the magnetic saturation on the torque value during the transient. Considering that damper winding currents ia and ib are equal to zero after a fast transient, the electromagnetic torque can be written as follows in (26). The value of Ks is estimated near to 0.48 (see Fig. 3) for this test and explains the differences.

() (

)

sq sd q d m s em I . I . L L . I K T - = (26) 
As one can observe in Fig. 8 and in Fig. 8b, the use of the saturated model in the simulation gives a much better agreement of computed results with the experimental ones and justifies the model of the synchronous reluctance machine developed in the first part.

V. SENSITIVITY ANALYSIS

In order to show the influence of the saturation factor on simulation results, we are going to take the previous study with saturated conditions (Isdref = 2.5A) while modifying the value of the saturation factor slightly. To do that, we use two new saturation factors Ks1(Im) and Ks2(Im) defined below: The variations of these saturation factors with the equivalent magnetizing current are given in Fig. 9. We can observe that the new saturation factors allow to obtain a variation of the saturation curve around the one defined in the first part of this paper.

The simulation results obtained by using the saturated model with different saturation factors are displayed in Fig. 10. This test is made under saturated conditions with Isdref = 2.5A. One can observe that the transient responses on the speed and on the q axis current are close to each other and almost follow the uncertainty on the saturation factor . 
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 2 Fig. 2 Two-axis model in the rotor reference frame.

  saturation factor defined above, we obtain the expressions of the saturated stator and rotor flux linkage (including cross magnetizing).
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 3 Fig. 3 Saturation factor of the studied machine.

Fig. 4

 4 Fig. 4 Block diagram of the experimental system.
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 6 Fig. 6 Simulation results under unsaturated conditions: (1) saturated model and unsaturated model with Ks=1, (2) unsaturated model with Ks=0.6.
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 5b Fig. 5b Experimental results under unsaturated conditions.
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 6b Fig. 6b Simulation results under unsaturated conditions: (1) saturated model and unsaturated model with Ks=1, (2) unsaturated model with Ks=0.6.
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 8 Fig. 8 Simulation results under saturated conditions: (1) unsaturated model with Ks=1, (2) saturated model, (3) unsaturated model with Ks=0.6.
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 7b Fig. 7b Experimental results under saturated conditions.

  Fig. 8b Simulation results under saturated conditions: (1) unsaturated model with Ks=1, (2) saturated model, (3) unsaturated model with Ks=0.6.
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 9 Fig. 9 Saturation Factors: (1) Ks=1, (2) Ks(Im), (3) Ks2(Im), (4) Ks1(Im).
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 10 Fig. 10 Simulation results under saturated conditions: (1) unsaturated model with Ks=1, (2) saturated model with Ks(Im), (3) saturated model with Ks2(Im), (4) saturated model with Ks1(Im),
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